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EXPERIMENTAL FLOW IN TWO-DIMENSIONAL CASCADES

By Seymour Liebiein

SUMMARY

Available experimental two-dimensional-cascade data for conventional

compressor blade sections are correlated. The two-dimensional cascade and

some of the principal aerodynamic factors involved in its operation are

first briefly described. Then the data are analyzed by examining the

variation of cascade performance at a reference incidence angle in the

region of minimum loss. Variations of reference incidence angle 3 total-

pressure loss_ and deviation angle with cascade geometry_ inlet Mach num-
berj and Reynolds number are investigated.

From the analysis and the correlations of the available data 3 rules

and relations are evolved for the prediction of the magnitude of the ref-

erence total-pressure loss and the reference deviation and incidence angles

for conventional blade profiles. These relations are developed in simpli-

fied forms readily applicable to compressor design procedures.

INTRODUCTION

Because of the complexity and three-dimensional character of the flow

in multistage axial-flow compressors_ various simplified approaches have

been adopted in the quest for accurate blade-design data. The prevailing

approach has been to treat the flow across individual compressor blade

sections as a two-dimensional flow. The use of two-dimensionally derived

flow characteristics in compressor design has generally been satisfactory

for conservative units (ch. III (ref. 1)).

In view of the limitations involved in the theoretical calculation of

the flow about two-dimensional blade sections (chs. IV and V (ref. i)),

experimental investigations of two-dimensional cascades of blade sections

were adopted as the principal source of blade-design data. Early experi-

mental cascade results (e.g., refs. 2 to 4), however_ were marked by a

sensitivity to individual tunnel design and operation. This was largely a

result of the failure to obtain true two-dimensional flow. Under these
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circumstances, the correlation of isolated data was very difficult. Some
efforts were made, however, to correlate limited experimental data for use
in compressor design (e.g., ref. 5). The British_ in psrticular_ through
the efforts primarily of Carter and Howell_ appear to have madeeffective
use of their early cascade investigations (refs. 6 to 9).

In recent years, the introduction of effective tunnel-wall boundary-
layer removal for the establishment of true two-dimensional flow gave a
substantial impetus to cascade analys_s. In particular, the porous-wall
technique of boundary-layer removal developed by the NACA(ref. i0) was a
notable contribution. The use of effective tunnel boundary-layer control
has resulted in more consistent systematic test data (refs. ii to 14) and
in more significant two-dimensional comparisons between theoretical and
experimental performance (refs. 15 to 17). With the availability of a
considerable amount of consistent data, it has becomefeasible to investi-
gate the existence of general relations amongthe various cascade flow
parameters. Such relations curtail the amountof future experimental
data needed and also result in more effective use of the data currently
available.

Inasmuch as the primary function of cascade information is to aid in
the design of compressors, the present chapter expresses the existing cas-
cade data in terms of parameters applicable to compressor design. Such
expression not only facilitates the design of moderate compressors but
also makespossible a rapid comparison of cascade data with data obtained
from advanced high-speed compressor configurations. Since the bulk of the
available cascade data has been obtained at low speed (Machnumbersof the
order of 0.i)_ the question of applicability to such high-speed units is
very significant. It is necessary to determine which flow parameters can
or cannot be applied_ to what extent the low-speed data are directly
usable3 and whether corrections can be developed in those areas where the
low-speed data cannot be used directly.

In this chapter, the available cascade data obtained from a large
numberof tunnels are reworked in terms of what are believed to be
significant parameters and, wherever possible_ correlated in generalized
forms. The performance parameters considered in the correlation are the
outlet-air deviation angle and the cascade losses expressed in terms of
blade-wake momentumthickness. The correlations are based on the varia-
tions of the performance parameters with cascade geometry (blade profile
shape_ solidity, chord angle) and inlet flow conditions. In view of the

difficulties involved in establishing correlations over the complete range

of operation of the cascade at various Mach number levels, the analysis

is restricted to an examination of cascade performance at a reference

incidence-angle location in the region of minimum loss.

The chapter is divided into four main sections: (i) a brief descrip-

tion of the two-dimensional cascade and of the parameters, concepts_ and

cO
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data involved in the analysis_ (2) an analysis of the variation of the

reference incidence angle with cascade geometry and flow conditionsj
(5) an analysis of the variation of total-pressure loss at the reference

incidence angle 3 and (4) an analysis of the variation of deviation angle
at the reference incidence angle.

c_
c_
(D
c_

(-_

o_

c_

SYMBOLS

The following symbols are used in this chapter:

A flow area

b exponent in deviation-angle relation

c chord length

D diffusion factor (based on over-all velocities)

D_ local diffusion factor (based on local velocities)

d exponent in wake velocity-distribution relations

/ function

H wake form factor 3 5_/e

i incidence angle_ angle between inlet-air direction and tangent to

blade mean camber line at leading edge, deg

io incidence angle of uncambered blade section 3 deg

KC compressibility correction factor in loss equation

K i correction factor in incidence-angle relation

K8 correction factor in deviation-angle relation

M Mach number
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m_ mc

n

P

P

Re c

s

t

V

Y

z

c_

r o

_o

o

8 o

e_

P

factors in deviation-angle relation

slope factor in incidence-angle relation

total or stagnation pressure

static or stream pressure

Reynolds number based on chord length

blade spacing

blade maximum thickness

air velocity

coordinate normal to axis

coordinate along axis

angle of attack, angle between inlet-air direction and blade

chord_ deg

air angle_ angle between air velocity and axial direction_ deg

blade-chord angle_ angle between blade chord and axial direction_

deg

wake full thickness

wake displacement thickness

deviation angle_ angle between outlet-air direction and tangent

to blade mean camber line at trailing edge 3 deg

deviation angle of uncambered blade section 3 deg

wake momentum-defect thickness

density

solidity_ ratio of chord to spacing

blade camber angle_ difference between angles of tangents to mean

camber line at leading and trailing edges_ deg

o_
Go
o_
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co total-pressure-loss coefficient

Subscripts :

av

i.e.

inc

ms_x

ref

sh

t

u

z

e

o

i

2

lO

average

incompressible equation

incompressible

lower surface

maximum

reference

blade shape

blade maximum thickness

upper surface

axial direction

tangential direction

free stream

station at cascade inlet

station at cascade exit (measuring station)

i0 percent thick

PRELIMINARY CONSIDERATIONS

Description of Cascade

A schematic diagram of a low-speed two-dimensional-cascade tunnel is

shown in figure i to illustrate the general tunnel layout. The principal

components of the conventional tunnel are a blower, a diffuser section,

a large settling chamber with honeycomb and screens to remove any swirl

and to ensure a uniform velocity distribution, a contracting section to

accelerate the flow, the cascade test section, and some form of outlet-

air guidance. The test section contains a row or cascade of blades set

in a mounting device that can be altered to obtain a range of air inlet

angles (angle _I in figs. i and 2). Variations in blade angle of attack
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are obtained either by rotating the blades on their individual mounting
axes (i.e., by varying the blade-chord angle yo) while maintaining

a fixed air angle or by keeping the blade-chord angle fixed and varying
the air inlet angle by rotating the entire cascade. Outlet flow meas-

urements are obtained from a traverse along the cascade usnally between
I I

to IT chord lengths behind the blade trailing edge at the blade m_d-

span. In the analysis_ blade outlet refers to the cascade meast_ring
station.

In most cases 3 some form of wall boundary-layer control in the cas-

cade is provided by means of suction through slots or porous-wall sur-

faces. Examples of different tunnel designs or detailed information

concerning deslgn_ constructlon_ and operation of the two-dimensional-

cascade tunnel can be obtained from references I0_ II_ and 18 to 20.

Nomenclature and symbols designating cascade blade characteristics

are given in figure 2. As in isolated-airfoil practice 3 cascade blade

shapes are normally evolved by adding a basic thickness distribution to

a mean camber line. The mean camber line (as indicated in fig. 2) rep-

resents the basic curvature of the profile. Some frequently used curva-

tures are the NACA (AI0) and related mean lines (rcfs. ii and 15), the

circular-arc mean line (ref. 6), and the parabolic-arc mean line (ref. 12).
Two popular basic thickness distributions are the NACA 65-series thickness

distribution (ref. Ii) and the British C.4 thickness distribution (ref. 6).

A high-speed profile has also been obtained from the construction of a

circular-arc upper and lower surface (ref. 21); this profile is referred
to as the double-clrcular-arc blade.

CO
_D

Performance Parameters

The performance of cascade blade sections has generally been pre-

sented as plots of the variation of air-turnlng angle 3 lift coefficlent_

and flow losses against blade angle of attack (or incidence angle) for a

given cascade solidity and blade orientation. Blade orientation is ex-

pressed in terms of either fixed air inlet angle or fixed blade-chord

angle. Flow losses have been expressed in terms of coefficients of the

drag force and the defects in outlet total pressure or momentum. A recent

investigation (ref. 22) demonstrates the significance of presenting cas-

cade !qsses !n terms of the thickness and form characteristics of the
blade wakes.

In this analysis 3 the cascade loss parameters considered are the wake

momentum-_hiekness ratio e_/c (ref. 22) and the total-pressure-loss coef-

ficient _i_ defined as the ratio of the average loss in total pressure

across the blade to the inlet dynamic head. Cascade losses are considered
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in terms of _iJ since this parameter can be conveniently used for the

determination of compressor blade-row efficiency and entropy gradients.
The parameter e*/c represents the basic wake development of the blade

profile and_ as such 3 c_nstitutes a significant parameter for correlation
purposes. Values of e /c were computed from the cascade loss data ac-

cording to methods similar to those presented in reference 22. The

diffusion factor D of reference 23 was used as a measure of the blade

loading in the region of minimum loss.

In the present analysis_ it was necessary to use a uniform nomencla-

ture and consistent correlation technique for the various blade shapes

considered. It was believed that this could best be accomplished by

considering the approach characteristics of the blade in terms of air in-

cidence angle i3 the camber characteristics in terms of the camber angle

_ and the air-turning characteristics in terms of the deviation angle 5°

(fig. 2). As indicated in figure 2_ these angles are based on the tan-

gents to the blade mean camber line at the leading and trailing edges.

The use of the deviation angle_ rather than the turning anglej as a meas-

ure of the air outlet direction has the advantage 3 for correlation pur-

poses_ of a generally small variation with incidence angle. Air-turning

angle is related to the camber_ incidence 3 and deviation angles by

f_3=_+i- 5° (i)

Incidence angle is considered positive when it tends to increase the air-

turning angle_ and deviation angle is considered positive when it tends

to decrease the air-turning angle (fig. 2).

The use of incidence and deviation angles requires a unique and rea-

sonable definition of the blade mean-line angle at the leading and trailing

edges_ which may not be possible for some blade shapes. The principal

difficulty in this respect is in the 65-(A10)-series blades (ref. ll),

whose mean-line slope is theoretically infinite at the leading and trailing
edges. However 3 it is still possible to render these sections usable in

the analysis by arbitrarily establishing an equivalent circular-arc mean

camber line. As shown in figure 5, the equivalent circular-arc mean line

is obtained by drawing a circular arc through the leading- and trailing-

edge points and the point of maximum camber at the midchord position.

Equivalent incidence_ devlation_ and camber angles can then be established

from the equivalent circular-arc mean line as indicated in the figure.

The relation between equivalent camber angle and isolated-airfoil lift

coefficient of the NACA 65-(Alo)-series mean line is shown in figure 4.

A typical plot of the cascade performance parameters used in the

analysis is shown in figure 5 for a conventional blade section at fixed

solidity and air inlet angle.
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Data Selection

In selecting data sources for use in the cascade performance corre-
lations_ it is necessary to consider the degree of two-dimensionality
obtained in the tunnel and the magnitude of the test Reynolds numberand
turbulence level.

Two-dimensionality. - As indicated previously, test results for a

given cascade geometry obtained from different tunnels may vary because

of a failure to achieve true two-dimensional flow across the cascade.

Distortions of the true two-dimensional flow are caused by the tunnel-wall

boundary-layer growth and by nonuniform inlet and outlet flow distribu-

tions (refs. I0 and 18). In modern cascade practice, good flow two-

dimensionality is obtained by the use of wall-boundary-layer control or

large tunnel size in conjunction with a large number of blades_ or both.

Examples of cascade tunnels with good two-dimensionality are given by

references ii and 19.

The lack of good two-dimensionality in cascade testing affects pri-

marily the air-turning angles and blade surface pressure distributions.

Therefore_ deviation-angle data were rejected when the two-dimensionality
of the tunnel appeared questionable (usually the older and smaller tunnels).

Practically all the cascade loss data were usable 3 however_ since varia-

tions in the measured loss obtained from a given cascade geometry in dif-

ferent tunnels will generally be consistent with the measured diffusion

levels (unless the blade span is less than about i or 2 inches and there

is no extensive boundary-layer removal).

Reynolds number and turbulence. - For the same conditions of two-
dimensionality and test-section Mach number_ test results obtained from

cascades of the same geometry may vary because of large differences in the

magnitude of the blade-chord Reynolds number and the free-stream turbu-

lence. Examples of the effect of Reynolds number and turbulence on the

losses obtained from a given blade section at fixed incidence angle are

presented in figure 6. Similar pronounced effects are observed on the

deviation angle. As discussed in chapter V (ref. 1), the loss variation

with Reynolds number is associated primarily with a local or complete

separation of the laminar boundary layer on the blade surfaces. The data
used in the correlation are restricted to values of blade-chord Reynolds

number from about 2.0×105 to 2.5xi05 in order to minimize the effects of

different Reynolds numbers. Free-str@am turbulence level was not gen-

erally determined in the various cascade tunnels.

In some cases (refs. ll and 24, e.g.)_ in tunnels with low turbulence

levels 3 marked local laminar-separation effects were observed in the range

of Reynolds number selected for the correlation. Illustrative plots of

the variation of total-pressure-loss coefficient with angle of attack for

a cascade with local laminar separation are shown in figure 7. In such
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instances, it was necessary to estimate the probable variation of loss

(and deviation angle) in the absence of the local separation (as indicated
in the figure) and use values obtained from the faired curves for the
correlations.

The specific sources of data used in the analysis are indicated by

the references listed for the various performance correlations. Details

of the tunnel construction and operation and other pertinent information
are given in the individual references.

Approach

In a correlation of two-dimensionallcascade data that is intended

ultimately for use in compressor blade-element designj the variations of

performance parameters should be established over a wide range of incidence

angles. Experience shows (fig. 8) that the variation of loss with inci-

dence angle for a given blade section changes markedly as the inlet Mach

number is increased. Consequently, correlated low-speed blade performance

at high and low incidence angles is not applicable at high Mach numbers.

The low-speed-cascade performance is therefore considered at some refer-

ence point on the general loss-against-incidence-angle curve that exhibits

the least variation in location and in magnitude of performance parameters
as Mach number is increased.

The reference location herein is selected as the point of minimum

loss on the curve of total-pressure loss against incidence angle. For

conventional low-speed-cascade sections 3 the region of low-loss operation

is generally flat_ and it is difficult to establish precisely the value

of incidence angle that corresponds to the minimum loss. For practical

purposes_ therefore_ since the curves of loss coefficient against incidence

angle are generally symmetrical 3 the reference minimum-loss location was

established at the middle of the low-loss range of operation. Specifi-

cally_ as shown in figure 9j the reference location is selected as the

incidence angle at the midpoint of the rangej where range is defined as

the change in incidence angle corresponding to a rise in loss coefficient

equal to the minimum value. Thus_ for conventional cascade sections_ the

midrange reference location is considered coincident with the point of

minimum loss. In addition to meeting the abovementioned requirement of

small variation with inlet Mach number 3 the reference minimum-loss inci-

dence angle (as compared with the optimum or nominal incidence settings

of ref. 25 or the design incidence setting of ref. Ii) requires the use of

only the loss variation and also permits the use of the diffusion factor

(applicable in region of minimum loss) as a measure of the blade loading.

At this point 3 it should be kept in mind that the reference minimum-

loss incidence angle is not necessarily to be considered as a recommended

design point for compressor application. The selection of the best
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incidence angle for a particular blade element in a multistage-compressor
design is a function of manyconsiderations 3 such as the location of the
blade row, the design Machnumber, and the type and application of the
design. In general, there is no one universal definition of design or
best incidence angle. The cascade reference location is established
primarily for purposes of analysis.

Of the manyblade shapes currently in use in compressor design prac-
tice (i.e., NACA65-series, C-series circular arc, parabolic arc, double
circular arc), data sufficient to permit a reasonably complete and signifi-
cant correlation have been published only for the 85-(Alo)-series blades of
reference ll. Therefore, a basic correlation of the 65-(AlO)-serles data
had to be established first and the results used as a guide or foundation
for determining the corresponding performance trends for the other blade
shapes for which only limited data exist.

Since the ultimate objective of cascade tests is to provide informa-
tion for designing compressors, it is desirable, of course, that the
structure of the data correlations represent the compressor situation as
closely as possible. Actually, a blade element in a compressor represents
a blade section of fixed geometry (i.e.# fixed profile form, solidity, and
chord angle) with varying inlet-air angle. In two-dimenslonal-cascade
practice, however3 variations in incidence angle have been obtained by
varying either the inlet-alr angle or the blade-chord angle. The available
systematic data for the NACA65- (A10)-series blades (ref. ll) have been ob-
tained under conditions of fixed inlet-air angle and varying blade-chord
angle. Since these data form the foundation of the analysis_ it was nec-
essary to estg@lish the cascade performance correlations on the basis of
fixed inlet-air angle. Examination of limited unpublished low-speed data
indicate that 3 as illustrated in figure 10# the loss curve for constant
air inlet angle generally falls somewhatto the right of the constant-
chord-angle curve for fixed values of 61 and yo in the low-loss region
of the curve. Values of minimum-loss incidence angle for fixed 61 op-
eration are indicated to be of the order of 1° or 2° greater than for
fixed r° operation. An approximate allowance for this difference is
made in the use of reference-incidence-angle data from these two methods.

With the definition of reference incidence angle, performance parame-

ters, and analytical approach established, the procedure is first to de-
termine how the value of the reference minimum-loss incidence angle varies

with cascade geometry and flow conditions for the available blade profiles.

Then the variation of the performance parameters is determined at the

reference location (as indicated in fig. 5) as geometry and flow are

changed. Thus_ the various factors involved can be appraised, and corre-

lation curves and charts can be established for the available data. The

analysis and correlation of cascade reference-point characteristics are

presented in the following sections.

_O
CO
_O
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INCIDENCE-ANGLE ANALYSIS

Preliminary Analysis

In an effort to obtain a general empirical rule for the location of

the reference minlmum-loss incidence angle 3 it is first necessary to ex-
amine the principal influencing factors.

It is generally recognized that the low-loss region of incidence

angle is identified with the absence of large velocity peaks (and subse-

quent decelerations) on either blade surface. For infinitely thin sec-

tions 3 steep velocity gradients are avoided when the front stagnation

point is located at the leading edge. This condition has frequently been

referred to as the condition of "impact-free entry." Weinig (ref. 26)
used the criterion of stagnation-point location to establish the varia-

tion of 'Timpact-free-entry" incidence angle for infinitely thin circular-

arc sections from potential-flow theory. Results deduced from reference

26 are presented in figure ll(a). The minlmum-loss incidence angle is

negative for infinitely thin blades and decreases linearly with camber for
fixed solidity and blade-chord angle.

While there is no definite corresponding incidence-angle theory for

thick-nose blades with rounded leading edges, some equivalent results have

been obtained based on the criterion that the location of the stagnation

point in the leading-edge region of a thick blade is the controlling fac-

tor in the determination of the surface velocity distributions. Carter 3

in reference 9, showed semitheoretically on this basis that optimum in-

cidence angle (angle at maximum lift-drag ratio) for a conventional 10-

percent-thick circular-arc blade decreases with increasing camber angle.

The results of reference 9 were followed by generalized plots of optimum

incidence angle in reference 25, which showed_ as in figure ll(a)j that
optimum incidence angle for a 10-percent-thick C-series blade varies with

camber anglej solidity 3 and blade orientation. (In these references,

blade orientation was expressed in terms of air outlet angle rather than

blade-chord angle.) The plot for an outlet-air angle of 20 ° is shown in

figure ll(b). Apparently 3 the greater the blade circulation_ the lower

in magnitude the minimum-loss incidence angle must be. It is reasonable

to expect_ therefore, that the trends of variation of minimum-loss in-

cidence angle for conventional blade sections will be similar to those

established by thin-airfoil theory.

A preliminary examination of experimental cascade data showed that

the minimum-loss incidence angles of uncambered sections (@ = O) of con-

ventioual thicknesses were not zero, as indicated by theory for infinitely
thin blades (fig. ll(a)), but always positive in value. The appearance

of positive values of incidence angle for thick blades is attributed to

the existence of velocity distributions at zero incidence angle that are

not symmetrical on the two surfaces. Typical plots illustrating the high
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velocities generally observed in the inlet region of the lower (pressure)

surface of thick uncambered blades at zero incidence angle are shown in

figure 12. Apparently, an increase in incidence angle from the zero value

is necessary in order to reduce the lower-surface velocity to a more

equitable distribution that results in a minimum of the over-all loss.
This zero-camber thickness effect will appear only for blade-chord angles

between 0° and 90° , since, as indicated by the highly simplified one-

dimensional model of the blade passage flow in figure 15, the velocity

distributions at these limit angles are symmetrical.

The effect of blade thickness blockage on "impact-free-entry" inci-

dence angle for straight (uncambered) blades of constant chordwise thick-

ness in incompressible two-dimensional flow is investigated in reference

27. The results of reference 27 are plotted in terms of the parameters

used in this analysis in figure 14. It is reasonable to expect that

similar trends of variations of zero-camber reference minimum-loss inci-

dence angle will be obtained for compressor blade profiles.

On the basis of the preceding analysis_ therefore, it is expected

that_ for low-speed-cascade flow_ reference minimum-loss incidence angle

will generally be positive at zero camber and decrease with increasing

camber 3 depending on solidity and blade-chord angle. The available theory
also indicates that the variation of reference incidence angle with camber

at fixed solidity and chord angle might be essentially linear. If so 3 the

variations could be expressed in terms of slope and intercept values_

where the intercept value represents the magnitude of the incidence angle

for the uncambered section (function of blade thickness 3 solidity, and

blade-chord angle). Reference minimum-loss incidence angle may also vary

with inlet Mach number and possibly with Reynolds number.

co
_o
_o

Data Correlat ions

Form of correlation. - Although preliminary theory indicates that

blade-chord angle is the significant blade orientation parameter, it was

necessary to establish the data correlations in terms of inlet-air angle,

as mentioned previously. The observed cascade data were found to be rep-

resented satisfactorily by a linear variation of reference incidence angle

with camber angle for fixed solidity and inlet-air angle. The variation

of reference minimum-loss incidence angle can then be described in equa-

tion form as

i = i0 + nqD (2)

where io is the incidence angle for zero camber_ and n is the slope

of the incidence-angle variation with camber (i - io)/@.
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Since the existence of a finite blade thickness is apparently the

cause of the positive values of io, it is reasonable to assume that both

the magnitude of the maximum thickness and the thickness distribution

contribute to the effect. Therefore, since the 10-percent-thick 65-series

blades of reference ll are to be used as the basis for a generalized cor-

relation of all conventional blade shapes, it is proposed that the zero-

camber reference incidence angle be expressed in the form

io = (Ki)sh(Ki)t(io)10 _ (5)

where (io)lO represents the variation of zero-camber incidence angle for

the 10-percent-thick 65-series thickness distribution, (Ki) t represents

any correction necessary for maximum blade thicknesses other than i0 per-

cent; and (Ki)sh represents any correction necessary for a blade shape

with a thickness distribution different from that of the 65-series blades.

(For a 10-percent-thick 6S-series blade, (Ki) t = 1 and (Ki)sh = I.)

The problemj thereforej is reduced to finding the values of n and

io (through eq. (5)) as functions of the pertinent variables involved for

the various blade profiles considered.

NACA 6S-(Al0)-series blades. - From the extensive low-speed-cascade

data for the 65-(Alo)-series blades (ref. Ii), when expressed in terms of

equivalent incidence and camber angles (figs. 3 and 4)_ plots of io and

n can be deduced that adequately represented the minimum-loss-incidence-

angle variations of the data. The deduced values of io and n as func-

tions of solidity and inlet-air angle are given for these blades in fig-

ures 15 and 16. The subscript i0 in figure 15 indicates that the io

values are for 10-percent maximum-thickness ratio. Values of intercept

io and slope n were obtained by fitting a straight line to each data

plot of reference incidence angle against camber angle for a fixed so-

lidity and air inlet angle. The straight lines were selected so that

both a satisfactory representation of the variation of the data points

and a consistent variation of the resulting n and io values were
obtained.

The deduced rule values and the observed data points compared in fig-

ure 17 indicate the effectiveness of the deduced representation. In sev-

eral configurations, particularly for low cambers 3 the range of equivalent

incidence angle covered in the tests was insufficient to permit an accurate

determination of a minimum-loss value. Some of the scatter of the data

may be due to the effects of local laminar separation in altering the

range characteristics of the sections.
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Although the cascade data in reference II include values of inlet-
air angle from 30° to 70° and values of solidity from 0.5 to 1.53 the
deduced variations in figures 15 and 16 are extrapolated to cover wider
ranges of _l and a. The extrapolation of i o to zero at _l = 0 is
obvious. According to theory (fig. ll)3 the value of the slope term does
not vanish at _l = 0. In figure 16_ thereforej an arbitrary fairing of
the curves downto nonzero values of n was adopted as indicated. Ac-
tually 3 it is not particularly critical to determine the exact value of
the slope term at _l = 0 necessary to locate the reference incidence
angle precisely 3 since 3 for such cases (inlet guide vanes and turbine
nozzles)3 a wide low-loss range of operation is usually obtained. The
solidity extrapolations were attempted because of the uniform variations
of the data with solidity. However3 caution should be exercised in any
further extrapolation of the deducedvariations.

C-Series circular-arc blades. - The various thickness distributions

used in combination with the circular-arc mean line have been designated

C.1, C.23 C.33 and so forth (refs. 25_ 28, and 29). In general 3 the

various C-serles thickness distributions are fairly similar 3 and have

their maximum thickness located at between 30 and 40 percent of the chord

length. The 65-series and two of the more popular C-serles thickness dis-

tributions (C.1 and C.4) are compared on an exaggerated scale in figure

18. (The 6S-series profile shown is usually thickened near the trailing

edge in actual blade construction.)

In view of the somewhat greater thickness blockage in the forward

portions of the C-series blades (fig. 18), it may be that the minimum-loss

incidence angles for zero camber for the C-series blades are somewhat

greater than those for the 65-series profiles; that is_ (Ki)sh > 1. In

the absence of any definitive cascade data 3 the value of (Ki)sh for the

C-series profiles was arbitrarily taken to be 1.1. Observed minimum-loss

incidence angles for an uncambered lO-percent-thick C.4 profile (obtained

from ref. 30) are compared in figure 19 with values predicted from the

deduced (io)lO values for the 65-series blade (fig. 15 and eq. (3)) with

an assumed value of (Ki)sh = 1.1. (For 10-percent thickness, (Ki) t = l_

In view of the similarity between the 65-(Alo)-series mean line and

a true circular arc (fig. 5), the applicability of the slope values in

figure 16 to the circular-arc mean line was investigated. For the recent

cascade data obtained from tunnels having good boundarynlayer control

(refs. 15 and 31), a check calculation for the 10-percent-thick C.4

circular-arc blades using figures 15 and 16 with (Ki)sh = 1.1 revealed

good results. For the three configurations in reference 31 tested at

constant _l (@ = 50o)3 the agreement between observed and predicted

_9
CO
_9
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minimum-loss incidence angles was within 1°. For the one configuration in

reference 15 tested at constant _o (_ = 51o)3 the predicted value of

minimum-loss incidence angle was 1.7 ° greater than the observed value.

However, in view of the general 1° to 2° difference between fixed _l

and fixed _o operation (fig. 10)3 such a discrepancy is to be expected.

On the basis of these limited data 3 it appears that the low-speed minimum-

loss incidence angles for the C-series circular-arc blade can be obtained

from the io and n values of the 65-series blade with (Ki)sh = 1.1.

Double-circular-arc blades. - The double-circular-arc blade is com-

posed of circular-arc upper and lower surfaces. The arc for each surface

is dra_rn between the point of maximum thickness at midchord and the tan-

gent to the circles of the leading- and trailing-edge radii. The chord-

wise thickness distribution for the double-circular-arc profile with 1-

percent leading- and trailing-edge radius is shown in figure 18. Lack of

cascade data again prevents an accurate determination of a reference-

incidence-angle rule for the double circular arc. Since the double-

circular-arc blade is thinner than the 65-series blade in the inlet region,
the zero-camber incidence angles for the double-circular-arc blade should

be somewhat different from those of the 65-series section, With perhaps

(Ki)sh_ 1. It can also be assumed, as before, that the slope-term values

of figure 16 are valid for the double-circular-arc blade. From an examina-

tion of the available cascade data for the double-circular-arc blade

(_ = 25o3 _ = 1.3333 ref. 21; and @ = 40o3 _ = 1.064j ref. 28), it ap-

pears that the use of figures 15 and 16 with a value of (Ki)sh = 0.7 in

equations (2) and (5) results in a satisfactory comparison between pre-

dicted and observed values of reference incidence angle.

Other blades. - Similar procedures can be applied to establish ref-

erence incidence-angle correlations for other blade shapes. Cascade data

are also available for the C-series parabolic-arc blades (refs. 12, 21_

30, 323 and 33) and the NACA 65-(AlO)-series blade'(ref. 13); but, in view

of the limited use of these forms in curren_ practicej no attempt was made

at this time to deduce corresponding incidence-angle rules for these
blades.

Effect of blade maximum thickness. - As indicated previously 3 some

correction (expressed here in terms of (Ki)t, eq. (5)) of the base values

of (io)lO obtained from the lO-percent-thick 6S-series blades in figure

15 should exist for other values of blade maximum-thickness ratio. Ac-

cording to the theory of the zero-camber effect 3 (Ki) t should be zero for

zero thickness and increase as maximum blade thickness is increased 3 with

a value of 1.0 for a thickness ratio of 0.10. Although the very limited

low-speed data obtained from blades of variable thickness ratio (refs. 54

and 35) were not completely definitive 3 it was possible to establish a

preliminary thickness-correction factor for reference zero-camber incidence

angle as indicated in figure 20 for use in conjunction with equation (3).
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Effect of inlet Mach number. - The previous correlations of reference

minimum-loss incidence angle have all been based on low-speed-cascade

data. It appears from limited high-speed data, however_ that minimum-loss

incidence angle will vary with increasing inlet _ach number for certain

blade shapes.

The variations of minimum-loss incidence angle with inlet Mach number

are plotted for several blade shapes in figures 21 and 22. The extension

of the test data points to lower values of inlet Mach number could not

generally be made because of reduced Reynolds numbers or insufficient

points toestablish the reference location at the lower Mach numbers. In

some instances 3 however3 it was possible to obtain low-speed values of in-

cidence angle from other sources.

The blades of figure 21 show essentially no variation of minimum-loss

incidence angle with inlet Math number_ at least up to a Math number of

about 0.8. Theblades of figure 22j however 3 evidence a marked increase

in incidence angle with Mach number. The difference in the variation of

minimum-loss incidence angle with Mach number in figures 21 and 22 is as-

sociated with the different way the general pattern of the loss variation

changes with increasing N_ch number for the two types of blades. For the

thick-nose blades 3 as illustrated in figures 8(a) and (b)_ the loss coef-

ficient increases with Mach number at both the high and low incidence

angles; thus tending to maintain the same point of minimum loss. For the

sharp-nose blade 3 as illustrated by figures 8(c) and (d)_ the increase in

loss occurs primarily on the low-incidence-angle side; and a positive

shifting of the mlnimum-loss incidence angle results. Data for other

thick-nose sections in reference 35 show the rise in loss to occur at both

ends of the curve 3 but plots of reference incidence angle against Mach num-

ber could not validly be made for these blades because of evidence of

strong local laminar-separation effects.

Since the most obvious difference between the blades in figures 21

and 22 is the construction of the leading-edge regionj the data suggest

that blades with thlck-nose inlet regions tend to show, for the range

of inlet Mach number co_ered, essentially no Mach uumber effect on miuimum-

loss incidence angle_ while blades with sharp leading edges will have a

significant Mach number effect. The available data 3 however_ are too
limited to conclusively confirm this observation at this time. Further-

more_ for the blades that do show a Mach number effectj the magnitude of
the variation of reference incidence angle with Mach number is not cur-

rently predictable.

(K

Summary

The analysis of blade-section reference minimum-loss incidence angle

shows that the variation of the reference incidence angle with cascade
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geometry at low speed can be established satisfactorily in terms of an

intercept value io and a slope value n as given by equation (2). De-

duced values of io and n were obtained as a function of _i and o

from the data for the 10-percent-thick 65-(A10)-series blades of reference

ii as equivalent circular-arc sections (figs. 15 and 16). It was then

shown that, as a first approach, the deduced values of (io)lO and n in

figures 15 and 16 could also be used to predict the reference incidence

angles of the C-series and double-circular-arc blades by means of a cor-

rection (Ki)sh to the (io)i0 values of figure 15 (eq. (3)).

The procedure involved in estimating the low-speed reference minimum-

loss incidence angle of a blade section is as follows: From known values

of _i and _, (io)10 and n are selected from figures 15 and 16. The

value of (Ki)t for the blade maximum-thickness ratio is obtained from

figure 203 and the appropriate value of (Ki)sh is selected for the type

of thickness distribution. For NACA 65-series blades_ (Ki)sh = 1.0; and

it is proposed that (Ki)sh be taken as i.i for the C-series circular-arc

blade and as 0.7 for the double-clrcular-arc blade. The value of io is

then computed from equation (3)_ and_ finally, i is determined from the

blade camber angle according to equation (2).

It should be noted that the values of (Ki)sh given for the circular-

arc blades are rather tenuous values obtained from very limited data. The

use of the proposed values is not critical for good accuracy; the values
were included primarily for completeness as a reflection of the antici-

pated differences in the blade thickness blockage effects. Further ex-

perimental data will be necessary to establish the significance of such

a correction. Also, a marked increase in reference minlmum-loss incidence

angle with Mach number is to be expected for sharp-nose blade sections.

The magnitude of the Mach number correction for these blades is currently
unpredictable.

LOSS ANALYSIS

With the location of the low-speed reference minimum-loss incidence

angle established for several conventional blade sections, the magnitude

of the losses occurring at this reference position (fig. 5) will now

be investigated. Accordingly, the nature of the loss phenomena and

the various factors influencing the magnitude of the loss over a range of

blade configurations and flow conditions are first analyzed. The available

experimental loss data are then examined to establish fundamental loss

correlations in terms indicated by the analysis.
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Preliminary Analysis

Two-dimensional-cascade losses arise primarily from the growth of
boundary layer on the suction and pressure surfaces of the blades. These
surface boundary layers cometogether at the blade trailing edge, where
they combine to form the blade wake3 as shownin figure 23. As a result
of the formation of the surface boundary layers_ a local defect in total
pressure is created 3 and a certain mass-averaged loss in total pressure is
determined in the wake of the section. The loss in total pressure is
measured in terms of the total-pressure-loss coefficient _3 defln_eedgen-
erally as the ratio of the mass-averaged loss in total pressure 2xP across
the blade row from inlet to outlet stations to somereference free-stream
dynamic pressure (P0 - P0)ref3 or

w

_ef = (Po- PO)ref

For incompressible flow 3 PO - PO is equal to the conventional free-stream

dynamic pressure PoV_2. The total-pressure-loss coefficient is usually

determined from consideration of the total-pressure variation across a

blade spacing s (fig. E3).

A theoretical analysis of incompressible two-dimensional-cascade

losses in reference 22 shows that the total-pressure-loss coefficient at

the cascade-outlet measuring station (where the static pressure is essen-

tially uniform across the blade spacing) is given by

f

2H 2

_ o _cos BI_ 2 3H 2 - i
= (S)

where _ is the loss coefficient based 6n inlet dynamic head, e*/c is

the ratio of wake momentum thickness to blade-chord length_ o is cascade

solidity# 62 is the air outlet anglej and H2 is the wake form factor

(displacement thickness divided by momentum thickness). The wake char-
acteristics in equation (5) are expressed in terms of conventional thick-

ness in a plane normal to the wake (i.e. 3 normal to the outlet flow) at

the measuring station. Definitions of wake characteristics and variations

in velocity and pressure assumed by the analysis are given in reference

22. The analysis further indicates that the collection of terms within

the braces is essentially secondary (since H 2 is generally" _about

1.2 at the measuring station)j with a magnitude of nearly 1 for conven-

tional unstalled configurations. The principal determinants of the loss

_O
CO
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in total pressure at the cascade measuring station are 3 therefore_ the

cascade geometry factors of solidity, air outlet and air lulet angles, and
the aerodynamic factor of wake momeutum-thickness ratio.

Since the wake is formsd from a coalescing of the pressure- and

suction-surface boundary layers, the wake momentum thickness naturally

depends on the development of the blade surface boundary layers and also

on the magnitude of the blade trailing-edge thickness. The results of

references 22, 54_ and 36 indicate, however, that the contribution of con-

ventional blade trailing-edge thickness to the total loss is not generally

large for compressor sections_ the preliminary factor in the wake develop-

msnt is the blade surface boundary-layer growth. In general_ it is known
(ch. V (ref. 1)_ e.g.) that the boundary-layer growth on the surfaces of

the blade is a function primarily of the following factors: (l) the sur-

face velocity gradients (in both subsonic and supersonic flow)j (2) the

blade-chord Reynolds number, and (5) the free-stream turbulence level.

Experience has shown that blade surface velocity distributions that

result in large amounts of diffusion in velocity tend to produce relatively

thick blade boundary layers. The magnitude of the velocity diffusion in

low-speed flow generally depends on the geometry of the blade section and

its incidence angle. As Mach number is increased, however, compressibility

exerts a further influence on the velocity diffusion of a given cascade

geometry and orientation. If local supersonic velocities develop at high

inlet Mach numbers, the velocity diffusion is altered by the formation of

shock waves and the interaction of these shock waves with the blade surface

boundary layers. The losses associated with local supersonic flow in a

cascade are generally greater than for subsonic flow in the same cascade.

The increases in loss are frequently referred to as shock losses.

Cascade-inlet Mach number also influences the magnitude of the sub-

sonic diffusion for a fixed cascade. This Mach number effect is the con-

ventional effect of compressibility on the blade velocity distributions

in subsonic flow. Compressibility causes the maximum local velocity on

the blade surface to increase at a faster rate than the inlet and outlet

velocities. Accordinglyj the magnitude of the surface diffusion from

maximum velocity to outlet velocity becomes greater as inlet Mach number

is increased. A further secondary influence of Mach number on losses is

obtained because of an increase in losses associated with the eventual

mixing of the wake with the surrounding free-stream flow (ref. 37).

On the basis of the foregoing considerations, therefore 3 it is ex-

pected that the principal factors upon which to base empirical cascade-

wake-thickness correlations should be velocity diffusionj inlet Mach

number 3 blade-chord Reynolds number 3 and 3 if possiblej turbulence level.
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Data Correlations

Velocity diffusion based on local velocities. - Recently_ several

investigations have been reported in references 22_ 23, and 38 on the

establishment of simplified diffusion parameters and the correlation of

cascade losses in terms of these parameters. The general hypothesis of

these diffusion correlations states that the wake thickness 3 and conse-

quently the magnitude of the loss in total pressure 3 is proportional to

the diffusion invelocity on the suction surface of the blade in the re-

gion of the minimum loss. This hypothesis is based on the consideration

that the boundary layer on the suction surface of conventional compressor

blade sections contributes the major share of the wake in these regions 3

and therefore the suction-surface velocity distribution becomes the gov-

erning factor in the determination of the loss. It was further established

in these correlations thatj for conventional velocity distributionsj the

diffusion in velocity can be expressed significantly as a parameter in-

volving the difference between some function of the measured maximum

suction-surface velocity Vma x and the outlet velocity V2.

Reference 38 presents an analysis of blade-loading limits for the

65-(_0)10 blade section in terms of drag coefficient and a diffusion
2 2 2

parameter given for incompressible flow by (V_a x - V_)/V_a x. Results of

an unpublished analysis of cascade losses in terms of the momentum thick-

ness of the blade wake (as suggested in ref. 22) indicate that a local

diffusion parameter in the form given previously or in the form

(Vma x - V2)/Vma x can satisfactorily correlate experimental cascade loss

data. The term "local diffusion parameter" is used to indicate that a

knowledge of the maximum local surface velocity is required. The corre-
lation obtained between calculated wake momentum-thickness ratio e*/c

and local diffusion factor given by

D_ -

Vma x - V2

V
max

(6)

obtained for the NACA 65-(A10)-series cascade sections of reference ll at

reference incidence angle is shown in figure 24. Values of wake momentum-

thickness ratio for these data were computed from the reported wake coef-

ficient values according to methods similar to those discussed in refer-

ence 22. Unfortunately_ blade surface velocity-distribution data are not

available for the determination of the diffusion factor for other conven-

tional blade shapes.

The correlation of figure 24 indicates the general validity of the

basic diffusion hypothesis. At high values of diffusion (greater than

about 0.5)3 a separation of the suction-surface boundary layer is

CO
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suggested by the rapid rise in the momentum thickness. The indicated

nonzero value of momentum thickness at zero diffusion represents the basic

friction loss (surface shear stress) of the flow and also, to a smaller

extent, the effect of the finite trailing-edge thickness. The correlation

of figure 24 further indicates that wake momentum-thickness ratio at ref-

erence incidence angle can be estimated from the computed local diffusion

factor for a wide range of solidities, cambers, and inlet-air angles.

The loss relations of equation (5) and reference 22 can then be used to

compute the resulting loss in the total pressure.

Velocity diffusion based on over-all velocities. - In order to in-

clude the cases of blade shapes for which velocity-distribution data are

not available, a diffusion parameter has been established in reference 23

that does not require a specific knowledge of the peak local suction-

surface velocity. Although originally deri_ed for use in compressor

design and analysis, the diffusion factor of reference 23 can also be

applied in the analysis of cascade losses. The diffusion factor of ref-

erence 23 attempts, through several simplifying approximations, to express
the local diffusion on the blade suction surface in terms of over-all

(inlet or outlet) velocities or angles, quantities that are readily de-

termined. The basis for the development of the over-all diffusion factor

is presented in detail in reference 23 and is indicated briefly in figure
25. The diffusion factor is given by

Ii V2> AVeD = - _i + 2_V----_

which, for incompressible two-dimensional-cascade flow, becomes

(7)

(1 cos cosD = + _ (tan 81 - tan _2) (8)cos 2(_

As in the case of the local diffusion factor, the diffusion factor of

equation (8) is restricted to the region of minimum loss.

Cascade total-pressure losses at reference minimum-loss incidence

angle are presented in reference 23 as a function of diffusion factor

for the blades of reference ll. In a further unpublished analysis, a

composite plot of the variation of computed wake momentum-thickness ratio

with D factor at reference minimum-loss incidence angle was obtained

from the available systematic cascade data (refs. ll, 12, and 30) as

shown in figure 26. Blade maximum thickness was lO percent in all cases.

A separation of the suction-surface boundary layer at high blade loading
is indicated by the increased rise in the wake momentum thickness for

values of diffusion factor greater than about 0.6.
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For situations in which the determination of a wake momentum-

thickness ratio cannot be made, a significant loss analysis may be ob-

tained if a simplified total-pressure-loss parameter is used that closely

approximates the wake thickness. Since the terms within the braces of

equation (5) are generally secondary factors, a loss parameter of the

COS B2
I _2

_cos _2)- should constitute a more fundamental expres-f°rm_l 2a \cos _l

sion of the basic loss across a blade element than the loss coefficient

alone. The effectiveness of the substitute loss parameter

_ cos _2 (cos P2_ 2

_l 2o \cos _lJ in correlating two-dlmensional-cascade losses is

illustrated in figure 27(a) for all the data for the NACA 65-(Alo)-series

blades of reference ll. (Total-pressure-loss coefficients were computed

for the data from relations given in ref. 23.) A generalized correlation

_ cos _2
can also be obtained in terms of o>1 2---_' as shown in figure 27(b),

but its effectiveness as a separation indicator does not appear to be as

good. Such generalized loss parameters are most effective if the wake

form does not vary appreciably among the various data considered.

Effect of blade maximum thickness. - Since an increase in blade

maximum-thickness ratio increases the magnitude of the surface velocities

(and therefore the diffusion), higher values of wake momentum-thickness

ratio would be expected for thicker blades. From an analysis of limited

available data on v_rying blade maximum-thickness ratio (refs. 34 and 35),

it appears that the effect of blade thickness on wake momentum-thickness

ratio is not large for conventional cascade configurations. For example,

for an increase in blade maximum-thickness ratio from 0.05 to 0.i0, an

increase in e*/c of about 0.003 at D of about 0.85 and an increase of

about 0.002 at D of about 0.38 are indicated. The greater increase in

wake e*/c at the higher diffusion level is understandable, since the

rate of change of e*/c with D_ increases with increasing diffusion

(see fig. 24).

If blade surface velocity distributions can be determined, then the

thickness effect will automatically be included in the evaluation of the

resulting local diffusion factor. When an over-all diffusion factor

such as equation (7) is used, variations in blade thickness are not re-

flected in the corresponding loss prediction. However, in view of the

small observed effect and the scatter of the original e*/c against D

correlation of figure 26, it is believed that a thickness correction is

unwarranted for conventional thickness ranges. However, the analysis

does indicate that, for high diffusion and high solidity levels, it may

be advisable to maintain blade thickness as small as practicable in order

to obtain the lowest loss at the reference condition.

_O
CO
_O
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Thus, the plots of figures 24, 263 and 27 show that, when diffusion

factor and wake momentum-thickness ratio (or total-pressure-loss parameter)

are used as the basic blade-loading and loss parameters, respectively 3 a
generalized correlation of two-dimensional-cascade loss data is obtained.

Although several assumptions and restrictions are involved in the use and

calculation of these parameters, the basic diffusion approach constitutes

a useful tool in cascade loss analysis. In particular 3 the diffusion

analysis should be investigated over the complete range of incidence an-

gle in an effort to determine generalized off-design loss information.

Effect of Reynolds number and turbulence. - The effect of blade-chord

Reynolds number and turbulence level on the measured losses of cascade

sections is discussed in the section on Data Selection, in chapter V

(ref. 1), and in references ll, 15, 39. In all cases, the data reveal

an increasing trend of loss coefficient with decreasing Reynolds number

and turbulence. Examples of the variation of the total-pressure-loss

coefficient with incidence angle for conventional compressor blade

sections at two different values of Reynolds number are illustrated in

figure 28. Loss variations with Reynolds number over a range of incidence

angles for a given blade shape are shown in figure 29. A composite plot
of the variation of total-pressure-loss coefficient at minimum loss with

blsde-chord Reynolds number for a large number of blade shapes is shown

in figure 30. Identification data for the various blades included in the

figure are given in the references. For the blades whose loss data are

reported in terms of drag coefficient, conversion to total-pressure-loss

coefficient was accomplished according to the cascade relations presented

in reference 23. The effect of change in tunnel turbulence level through
the introduction of screens is indicated for some of the blades.

It is apparent from the curves in figure 50 that it is currently

impossible to establish any one value of limiting Reynolds number that

will hold for all blade shapes. (The term limiting Reynolds number refers

to the value of Reynolds number at which a large rise in loss is obtained.)

On the basis of the available cascade data presented in figure 30j how-

ever, it appears that serious trouble in the minimum-loss region may be

encountered at Reynolds numbers below about 2.5x105. Carter in reference

9 places the limiting blade-chord Reynolds number based on outlet ve-

locity at 1.5 to 2.0xlO 5. Considering that outlet Reynolds number is less

than inlet Reynolds number for decelerating cascades, this quoted value is

in effective agreement with the value of limiting Reynolds number deduced
herein.

The desirability of conducting cascade investigations in the essen-

tially flat range of the curve of loss coefficient against Reynolds number

in order to enhance the correlation of data from various tunnels, as well

as from the various configurations of a given tunnel_ is indicated. Cas-

cade operation in the flat range of Reynolds number may also yield a more

significant comparison between observed and theoretically computed loss.
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Reynolds number and turbulence level should always be defined in cascade

investigations. Furthermore_ the development of some effective Reynolds
number [ch. V (ref. I)) which attempts to combine the effects of both

blade-chord Reynolds number and turbulence should be considered for use

as the independent variable.

Effect of inlet Mach number. - In the previous correlations_ atten-

tion was centered on the various factors affecting the loss of cascade

blades for essentially incompressible or low Mach number flow. Tests of

cascade sections at higher Mach number levels have been relatively few_

primarily because of the large power requirements and operational diffi-

culties of high-velocity tunnels. As a consequence_ it has not been

possible to establish any empirical correlations that will permit the

estimation of Mach number effects for conventional blade sections. The

limited available data indicate_ however_ that a marked rise in loss is

eventually obtained as Mach number is increased.

A typical example of the variation of total-pressure-loss coefficient
with inlet Mach number for a conventional cascade section at fixed inci-

dence angle in the region of minimum loss is presented in figure 31(a).

The inlet Mach number at which the sharp rise in loss occurs is referred

to as the limiting Mach number. The variation of the wake profile down-

stream of the blade as Mach number is increased is shown in figure Sl(b)

to illustrate the general deterioration of the suction-surface flow. The

flow deterioration is the result of a separation of the suction-surface

boundary layer induced by shock-wave and boundary-layer interactions.

In view of the complex nature of the shock-wave development and its

interaction effects 3 the estimation of the variation of minimum total-

pressure loss with inlet Mach number for a given blade is currently im-

possible. At the moment_ this pursuit must be primarily an experimental

one. Schlieren photographs showing the formation of shocks in a cascade

are presented in references ¢0 to ¢2, and detailed discussions of shock

formations and high-speed performance of two-dimensional-cascade sections

are treated in references 40 and 42 to 45. Cascade experience (refs. 21

and 40) and theory (refs. 42, 45, and 46) indicate that a location of the

point of maximum thickness at about the 50-percent-chord position and a

thinning of the blade leading and trailing edges are favorable for good

high Mach number performance. The avoidance of a throat area within the

blade passage is also indicated in order to minimize the effects of flow

choking. Discussions of the choking problem are presented in references

35 and 44_ and blade throat areas are given for several blade shapes in
references 13 and 47 to 49. The effects of camber distribution on high

Mach number performance are discussed extensively in the literature

(refs. 13j 32, and 33). Results indicate that, for the range of blade

shapes and Mach numbers normally covered, camber distribution does not

have a large effect on maximum Mach number performance as obtained in

the two-dimensional cascade.

O2
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Summary

From the foregoing correlations and considerations, the low-speed
loss in total pressure of conventional two-dimensional-cascade sections

can readily be estimated. If blade surface velocity distributions are

available, the suction-surface local diffusion factor D_ is determined

according to equation (6) and a value of e_/c is then selected from fig-

ure 24. In the absence of blade surface velocity data_ the diffusion

factor D is computed from over-all conditions by means of equation (7)

and _/c is selected from figure 26. With @_/c determined_ the

total-pressure-loss coefficient is computed according to equation (5) from
the cascade geometry and a pertinent value of wake form factor H.

According to reference 22, for cascade measuring stations located

more than about 1/2 chord length downstream of the blade trailing edge_

the value of H will generally be less than about 1.2. For practical

purposes_ it was indicated that a constant value of H of about i.I can

be used over a wide range of cascade configurations and incidence angles

i i
for measuring stations located between _ to i_ chord lengths behind the

trailing edge. Loss coefficients based on inlet dynamic head can then be

determined_ if desired, from equation (8). The estimation of losses based

on the diffusion factor D canj for example_ produce a value of solidity

that results in the least computed loss coefficient for a given velocity
diagram.

The accuracy of the results obtained from the prediction procedure

outlined is subject to the limitations and approximations involved in the

diffusion analysis and wake momentum-thickness correlations. Strictly

speaking, the procedure gives essentially a band of probable loss values

i i
at the cascade measuring station about _ to i_ chord lengths downstream

of the blade trailing edge for the reference incidence-angle setting and

Reynolds numbers of about 2.5xi05 and greater at low speed (up to about

0.5 inlet Mach number). It should also be noted at this point that the

loss values obtained in this manner represent the low-speed profile loss

of the cascade section. Such loss values are not generally representative

of the losses of the section in a compressor blade row or in a hlgh-speed
cascade.

A corresponding loss-estimation technique for high Mach number flow

is currently unavailable because of the unknown magnitude of the com-

pressibility effect on the wake momentum-thickness ratio of a given cas-

cade geometry. Furthermore, both the wake form factor H and the rela-

tion between e_/c and _ (given for incompressible flow by eq. (5)) vary

with Mach number. For example_ if the velocity variation in each leg of
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the wake is assumedto vary according to the power relation

V0

where 8 is the thickness of the wake and d is someconstant, the_n
variations of H and e* and of the relation between e*/c and _ with
outlet free-stream Machnumbercan be established analytically to illus-
trate the nature of the compressibility effects.

Curves of the variation of the ratios of compressible to incompressi-
ble form factor H/Hinc and momentumthickness _/8_n c with outlet Mach
numberfor various d values obtained from numerical integration of the
wake parameters involved are shownin figures Z2 and 33. Recently_ the
increasing trend of H with M2 was substantiated experimentally at the
NACALewis laboratory in an investigation of the wake characteristic of
a turbine nozzle (unpublished data). Curves of the ratio of the integrated
value of _ obtained from a given value of 8"/c in a compressible flow
to the value of _ computed from the samevalue of 8"/c according to the
incompressible relation of equation (5) are shownin figure Z4. It should
be noted that for compressible flow the denominator in the loss-coefficient
definition (eq. (4)) is now given by P - p.

In summary3 therefore, an accurate prediction of the variation of
reference total-pressure loss with inlet Machnumberfor a given cascade
blade is currently impossible. At the moment, this pursuit is primarily
an experimental one. Families of curves of wake momentumthickness and
form factor against diffusion factor are required (with appropriate
definitions for subsonic or supersonic flow) as in figure 24 or 26 for a
wide range of inlet Machnumber. Analytically, a simple compressible re-
lation is neededbetween _/c and _ as a function of Machnumber.

_O
cO

DEVIATION-ANGLE ANALYSIS

Preliminary Analysis

The correct determination of the outlet flow direction of a cascade

blade element presents a problem_ because the air is not discharged at

the angle of the blade mean line at the trailing edge, but at some angle

8° to it (fig. 2). Inasmuch as the flow deviation is an expression of the

guidance capacity of the passage formed by adjacent blades# it is expected

that the cascade geometry (camber 3 thickness# solidity, and chord angle)

will be the principal influencing factor involved.
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From cascade potential-flow theory (ref. 26, e.g.), it is found that

the deviation angle increases with blade camber and chord angle and de-

creases with solidity. Weinig in reference 26 shows that the deviation

angle varies linearly with camber for a given value of solidity and chord

angle for infinitesimally thin blades at zero incidence. Furthermore_

with deviation angle equal to zero at zero camber angle in this theory,
it is possible to express the deviation angle as a ratio of the camber

angle. Values of the ratio of deviation angle to camber angle for an

infinitely thin circular-arc blade of small camber deduced from the

theory of reference 26 are presented in figure 35 for a range of solid-

ities and chord angles. The values in figure 35 are for the incidence

angle for "impact-free entry" previously mentioned, which corresponds
essentially to the condition of minimum loss.

The results of figure 35 show that_ for a blade of zero thickness,

the minimum-loss deviation angle is zero at zero camber angle. Analysis
indicates, however 3 that this is not the case for blades of conventional

thicknesses. A recent theoretical demonstration of the existence of a

positive value of zero-camber deviation angle according to potential-flow

calculations is given by Schllchting in reference 16. The computed varia-

tion of zero-camber deviation angle for a conventional lO-percent-thick

profile at zero incidence angle as obtained in the reference is shown in
figure 38.

It will be recalled from the discussion of the zero-camber minimum-

loss incidence angle that, for the conventional staggered cascade

(0o < yo < 90 o) with finite blade thickness set at zero incidence angle 3

a greater magnitude of velocity occurs on the blade lower (concave) sur-

face than on the upper (convex) surface (fig. 12). Such velocity dis-

tributions result in a negative blade circulation and 3 consequently (as

indicated by the solid vectors in fig. 57)3 in a positive deviation

angle. Furthermore, since the deviation angle increases slightly with

increasing incidence angle (dS°/di is positive in potential cascade

flow)_ positive values of deviation angle will likewise be obtained at

the condition of minimum-loss incidence angle (as illustrated by the

dashed vectors in fig. 37). Since the zero-camber deviation angle arises

from essentially a thickness blockage effect_ the characteristics of the

variation of minimum-loss zero-camber deviation angle with cascade geome-

try would be expected to roughly parallel the variation of the minimum-

loss zero-camber incidence angle in figure 15. The low-speed reference-

devlation-angle correlations may, therefore, involve intercept values as

in the case of the reference-lncidence-angle correlations.

In addition to the cascade-geometry factors mentioned, the low-speed

deviation angles can also be affected by Reynolds number, turbulence, and

Mach number. The thickened surface boundary layers resulting from low

levels of Reynolds number and turbulence tend to increase the deviation

angle. Variations in inlet Mach number can affect the deviation angle of

a fixed two-dimensional-cascade geometry because of the associated changes
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in blade circulation 3 boundary-layer development3 and outlet to inlet
axial velocity ratio (compressibility effect on pVz).

Data Correlations

Form of correlation. - Examination of deviation-angle data at refer-

ence incidence angle reveals that the observed data can be satisfactorily

represented by a linear variation of reference deviation angle with camber

angle for fixed solidity and air inlet angle. The variation of reference

deviation angle can then be expressed in equation form as

so o: so + m_ (lO)

0

where 8o is the reference deviation angle for zero camber 3 m is the

slope of the deviation-angle variation with camber (8° - 8_)/_ 3 and

is the camber angle. As in the case of the analogous terms in the

reference-incidence-angle relation (eq. (2)), 5_ and m are functions
of inlet-air angle and solidity.

The influence of solidity on the magnitude of the slope term m

could also be directly included as a functional relation in equation (10)3
so that equation (!0) could be expressed as

8° - 8_ ma= I
(Ii)

where mo= 1 represents the value of m (i.e., (S° - _)/_) at a solidity

of 13 b is the solidity exponent (variable with air inlet angle)j and

the other terms are as before. It will be noted that equation (ii) is

similar in form to the frequently used deviation-angle rule for circular-

arc blades originally established by Constant in reference _ and later

modified by Carter in reference 46. Carter's rule for the condition of

nominal incidence angle is given by

8o m c
(12)

in which mc is a function of blade-chord angle. Values of m c deter-

mined from theoretical considerations for circular-arc and parabolic-arc

mean lines (ref. 46) are shown in figure 38. In the ensuing correlations 3

both forms of the deviation-angle relation (eqs. (i0) and (i!)) are used,

since each has a particular advantage. Equation (10)3 with m plotted

as a function of 91 and o_ is easier to use for prediction, especially

if the calculation of a required camber angle is involved. Equation (!i)

may be better for extrapolation and for comparison with Carter's rule.

GO
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As in the case for the zero-camber reference minimum-loss incidence

angle, the zero-camber deviation angle can be represented as a function
of blade thickness as

8°=o(Kb)sh(K )t( °)lO (13)

where (5_)10 represents the basic variation for the lO-percent-thick

65-series thickness distribution 3 (KS)sh represents any correction nec-

essary for a blade shape with a thickness distribution different from

that of the 65-series blade, and (Ks) t represents any correction neces-

sary for maximumblade thicknesses other than l0 percent. (For a

lO-percent-thick 65-series blade, (Ks) t and (KS)sh are equal to 1.)

O
problem, therefore, is reduced to finding the values of m, b, and 5o

(through eq. (13)) as functions of the pertinent variables involved for

the various blade shapes considered.

The

NACA 65-(A10)-series blades. - From an examination of the plots of

equivalent deviation angle against equivalent camber angle at reference

minimum-loss incidence angle obtained from the cascade data 3 values of

zero-camber deviation angle can be determined by extrapolation. The de-

duced plots of zero-camber deviation angle (5_)10 and slope term m as

functions of solidity and air inlet angle are presented in figures 39 and

40 for these blades. The subscript lO indicates that the 5E values

are for lO-percent maximum-thickness ratio. Values of the intercept term

8_ and the slope term m were obtained by fitting a straight li6e to

each data plot of reference equivalent deviation angle against equivalent

camber angle for a fixed solidity and air inlet angle. The straight lines
were selected so that both a satisfactory representation of the variation

o
of the data points and a consistent variation for the resulting 5o and

m values were obtained. The extrapolation of the values of m to

_l = 0 was guided by the data for the 65-(12A10)lO blade at solidities

of 1 and 1.5 reported in the cascade guide-vane investigation of refer-

ence 50 (for an aspect ratio of l, as in ref. ll).

For the deviation-angle rule as given by equation (ll), deduced values

of m_= 1 and exponent b as functions of inlet-air angle are presented

in figures 41 and 42. The deduced rule values (eq. (10) or (ll)) and the

observed data points are compared in figure 43 to indicate the effective-

ness of the deduced representations. The flagged symbols in the high-

camber range in the figure represent blade configurations for which

boundary-layer separation is indicated (D greater than about 0.62). In

view of the higher loss levels for this condition, an increase in the

magnitude of the deviation angle is to be expected compared with the

values extrapolated from the smaller cambers for which a lower loss level
existed.

/
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C-Series circular-arc blades. - In view of the absence of systematic

cascade data for the C-series circular-arc blade 3 an accurate determina-

tion of the rule constants cannot be made for this blade shape. However 3
a preliminary relation can be deduced on the basis of limited data. It

appears that, for the uncambered C.4 section (refs. 12 and 30), if a value

of (KS)sh equal to 1.1 (as for the determination of io) is used_ a sst-
o

isfactory comparison between predicted and observed 5o values is
obtained.

The characteristic number m_: I in the deviation-angle design rule

of equation (ll) for a given blade mean line corresponds to the value of

o)/_ at a solidity of unity. Cascade data for a C.4 circular-arc(5° - 5o

profile obtained from tunnels with good boundary-layer control are pre-

sented in references 15 and Sl for a solidity of 1.0 for _l = 30o3 42"5°3

o)/_ were computed for these blades45o3 and 60 °. Values of (5° - 5o

according to the 8_ variations of figure 39. A value of m_= 1 for

_l = 0° was obtained from the performance data of a free-stream circular-

arc inlet guide vane presented in reference 51. These values of m are

plotted in figure 44 against inlet-air anglej and the proposed variation

of mq= 1 for the circular-arc mean line is shown by the solid line.

In the absence of data covering a range of solidities 3 it was assumed

that the solidity exponent b in the deviation-angle rule of equation

(ii) is independent of the profile shape and will,therefore also be ap-

plicable for the circular-arc mean line. This assumption agrees with

limited experimental data. The variation of ratio of deviation angle to

camber angle obtained from constant-thickness circular-arc guide-vane

sections of reference 82 (8_ = 0° for guide vanes) over a wide range

of solidities is shown in figure 45. A computed variation based on values

of b and m_= 1 obtained from figures 42 and 443 respectively 3 is shown

in the figure by the solid llne. A satisfactory agreement with these

circular-arc data is thus demonstrated for the value of b obtained from

the 65-series data. On the basis of these results_ deduced curves of m

against _i for a range of solidities (for use in conjunction with eq.

(i0)) were computed for the C-series circular-arc blade as indicated in

figure 46.

Double-circular-arc blades. - Although limited data are available for

the double-circular-arc blade (refs. 21 and 28), it was fe]t that these

data could not be reliably utilized in the construction of a deviation-

angle rule because of the questionable two-dimensionality of the respec-

tive test tunnels. However_ since the C-series and the double-circular-

arc blades differ only in thickness distribution 3 it is reasonable to

expect that 3 as in the case of the reference-lncidence-angle correlations 3

only the zero-camber deviation angles will be materially affected.

co
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Therefore, the slope-term value m deduced for the C-series circular-arc

blade (fig. 46) might also be used for the double-circular-arc blade 3 but
O

the 8o values may be different. An arbitrarily selected value of 0.7

for (KS)sh in equation (13) (as for the reference-incidence-angle deter-

mination) is suggested for the double-circular-arc blade.

Comparison of rules. - In view of the widespread use of Carter's

rule (eq. (12)) with fig. 38) for predicting the deviation angle of

circular-arc-mean-line blades_ some results obtained from the use of

Carter's rule were compared with the deduced rule of equation (ii) with
figures 39, 42_ and 44. The principal difference between the two rules

occurs in the blade orientation parameter used for the m variation and
o

in the bo and b variations. The value of the solidity exponent of

1/2 in equation (12) was originally obtained from limited data. Carter 3

in a later work 3 (ref. 9) proposes a variable solidity exponent and in-

dicates values close to 1 for accelerating cascades and close to 1/2 for
decelerating cascades. The variation of b obtained from the NACA

65-(A10)-series blades as equivalent circular arcs in figure 42 essen-

tially confirms this trend. Actually_ the deviation-angle rule in the

form of equation (ll) constitutes a modification of Carter's rule.

In addition to the basic differences between the rules in the magni-
o

tudes of the m 3 b 3 and 8o values_ it is noted that Carter's rule was

originally developed for the condition of nominal incidence angle 3 whereas

the modified rule pertains to the reference minimum-loss incidence angle.

However 3 since Carter's rule has frequently been used over a wide range

of reference angle in its application, both rules were evaluated, for

simplicity, for the reference minimum-loss incidence aisle.

An illustrative comparison of predicted reference deviation angle as

obtained from Carter's rule and the modified rule for a lO-percent-thick,

thick-nosed circular-arc blade is shown by the calculated results in fig-

ure 47 for ranges of camber angle 3 solidity, and inlet-air angle. Devia-

tion angles in figure 47 were restricted to cascade configurations pro-

ducing values of diffusion factor less than 0.6. Blade-chord angle for

Carter's rule was computed from the equation

r ° = _l- i-_ (14)2

Reference incidence angle was determined from equations (2) and (3) and
figures 15 and 16.

The plots of figure 47 show that_ in practically all cases 3 the

deviation angles given by the modified rule are somewhat greater in mag-

nitude than those predicted by Carter's rule for the 10-percent-thick

/
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blade. This is particularly true for the high inlet-alr angles. Thus 3

greater camber angles are required for a given turning angle according

to the modified rule. Differences are even less for the double-circular-

arc blade_ as indicated in figure 48_ since the 5_ values are smaller

for these blades. However 3 it should be kept in mind that the magnitude

of the factors in the modified rule are proposed values based on limited

data. Further research is required to establish the modified rule on a

firmer foundation.

Effect of blade maximum thickness. - Available data on the variation

of reference deviation angle with blade maximum-thickness ratio obtained

from cascade investigations of the 65-(12AI0) blade of reference 34 are

shown in figure 49. The solid symbols representing the values of devia-

tion angle at zero thickness were determined by subtracting the values

of (5_)i0 obtained from figure 39 from the measured value of deviation

angle at lO-percent maximum thickness obtained from the data in figure

49. A very reasonable variation with thickness ratio 3 as indicated by

the faired curves_ is thus obtained for all three configurations. The

increasing slope of the deviation-angle variation with increasing thick-

ness ratio is believed due to some extent to the accompanying increase in

wake losses.

Preliminary values of a correction factor for maximum-thickness ratio

(Ks) t deduced from the data of figure 49 are shown in figure 50. In the

absence of further data_ it is proposed that this correction curve is also

applicable to other conventional blade shapes.

Effect of Reynolds number. - In view of thc large rise in loss as

blade-chord Reynolds number is reduced (fig. 30)_ a corresponding rise

in deviation angle (or decrease in turning angle) is to be expected.

Experimental confirmation of the marked effect of Reynolds number on blade

deviation angle at fixed incidence angle is illustrated in figure 5i for

several compressor blade shapes. The variation of deviation angle with

Reynolds number over a range of incidence angle is demonstrated in figure

S2. In all cases the variation of the deviation or turning angle closely

parallels the variation of the loss. Therefore 3 factors involved in the

deviation-angle variation are the same as those for the loss behavior.

Corresponding!y_ no Reynolds number correction factors that will be ap-

plicable for all blade configurations have been established. The deduced

deviation-angle rule developed herein is applicable at a Reynolds number

of about 2.5xi0 5 and greater.

Effect of inlet Mach number. Experimental variations of minimum-

loss deviation angle with inlet Mach number are presented in figure 53

for two circular-arc blades. Further cascade data in terms of air-turning

angle at fixed angle of attack are shown in figure 54 for two other

cO
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compressor blade shapes. (Inasmuch as the data in fig. 54 were obtained

at constant angle of attack_ the variation of turning angle is an inverse

reflection of the variation of deviation angle.) The data of figures 55

and 54 indicate that deviation angle varies little with inlet Mach number

up to the limiting value. As indicated in the Preliminary Analysis sec-

tion (p. 27), the resultant Mach number effect for a given blade config-

uration will depend on the relative magnitude of the various factors in-

volved. Apparently, the net effect is small up to the limiting value of

inlet Mach number. Large increases in deviation angle can be expected,

however, when the loss rises rapidly at the limiting Mach number because

of the adverse effects of the shock formation. (The rise in deviation

angle in the data is always associated with the sharp rise in loss.)

Variation with incidence angle. - Thus far_ of necessity_ the analy-

sis has been conducted for flow conditions at only one reference position

on the general curve of loss against incidence angle. Ultimately_ of

course 3 it is desired to predict flow variations over the entire range of

incidence angle. The variation of deviation angle with incidence angle

for a fixed geometry in the two-dimensional cascade is primarily a function

of the change in the guidance capacity of the cascade arising from the

change in orientation of the approaching flow (a potential-flow effect)

and of the variation in the wake loss. Since no information is currently

available on the effect of losses_ attention is centered on deviation-

angle variations in the region of low loss_ where the trend of variation

approaches that of the potential flow.

Examination of potential-flow theory (Weinig, ref. 26, e.g.) shows

that a positive slope of deviation angle against incidence angle exists

(i.e., deviation angle increases with incidence angle). Calculations

based on the theory of Weinig reveal that the magnitude of the slope

varies with solidity and blade-chord angle. The deviation-angle slope

approaches zero for infinite solidity (deviation angle is essentially

constant at high solidity) and increases as solidity is reduced. At

constant solidity, the slope of deviation angle against incidence angle

increases as the chord angle is increased. These trends indicate phys-

ically that the greater the initial guidance effect (high solidity and

low blade angle), the less sensitive the deviation angle is to changes

in incidence angle.

For analysis purposes, since the region of low loss is generally

sma!l_ the variation of deviation angle with incidence angle for a given

cascade geometry in the region of minimum loss can be represented as

= 6re f + (i - iref)\d i Jref
(15)

where (dS°/di)ref represents the slope of the deviation-angle variation
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at the reference incidence angle. An empirical determination of the

magnitude of the slope of the variation of deviation angle with incidence

angle was obtained from an analysis of the low-speed experimental data for

the 65-(Alo)10 blades of reference ll. From the plot of deviation angle

against incidence angle for each configuration (as in fig. 5# e.g.)_ the

slope of the curve at the minlmum-loss incidence angle was evaluated

graphically. The deduced variation of reference slope magnitude dS°/di

obtained from fairings of these values is presented in figure 55 as a

function of solidity and inlet-air angle. Qualitative agreement with

theory is strongly indicated by the data. Inasmuch as the phenomenon is

essentially a guidance or channel effect, it is anticipated that the slope

values of figure 55 will also be applicable for other conventional blade

shapes. Thus, it is possible to predict the deviation angle at incidence

angles other than the reference location within the low-loss range of

operation from the use of equation (15) and figure 55.

co

Summary

The analysis of blade-section deviation angle shows that the varia-

tion of reference deviation angle with cascade geometry at low speed can

be satisfactorily established in terms of an intercept value 5_ and a

slope value m as given by equation (lO). The experimental data could

also be expressed in terms of a rule similar in form to Carter's rule_

as indicated by equation (ll). Deduced values of 5_ and m were ob-

tained as a function of 61 and G from the data for the 10-percent-

thick 65-(Alo)-series blades of reference ll as equivalent circular arc

(figs. 39 and 40). Rules for predicting the reference deviation angle
of the C-serles and double-circular-arc blades were also deduced based

on the correlations for the 65-(A10)-series blades and on limited data for

the circular-arc blade (figs. 39 and 46).

The procedure involved in estimating the low-speed reference devia-

tion angle of a blade section is as follows: From known values of _i

and _, (5_)i0 is selected from figure 39_ and m is selected from fig-

ure 40 for the 65-(A10)-series blades or from figure 46 for circular-arc-

mean-line blades. The value of (Ks) t for the blade maximum-thickness

ratio is obtained from figure 50j and the approximate value of (KS)sh is

selected for the type of thickness distribution. For the 65-series blades_

(KS)sh = 1.0, and it is proposed that (K_)sh be taken as I.i for the C-

series blades and as 0.7 for the double-circular-arc blade. The value of

5_ is then computed from equation (15)_ and finally 5° is determined

from the blade camber angle according to equation (i0). As in the case

of reference io values, the use of the proposed values of (KS)sh is not
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critical for good accuracy in the final determination of 5° . Reference

deviation angle can also be computed according to the rule in the form

of equation (ll) in conjunction with figures 41, 42, and 44.

The camber angle required to produce a given turning angle at the

reference condition at low speed can readily be calculated by means of

the preceding incidence-angle and deviation-angle correlations when the

inlet-air angle and blade solidity are known. From equations (1), (2)3

and (10), the camber angle as a function of the turning 3 deviation, and

incidence angle is

- (i°-8°) (16)
@= 1-m+n

or, in terms of the thickness corrections (eqs. (3) and (13)),

[ o](K )sh(Ki)t(io)10- (KS)sh(r )t(So)10
_- l-m+n - (17)

For simplicity, since (Ki)sh = (K6)sh = Ksh , equation (17) can be expressed

in the form

[C ol o-
_= l-m+n (18)

m

where Kt
that

represents some correction factor for blade thickness, such

[(io)lO- (5°)10 _ m (Ki)t(io)10- (Ks)t(5°)10 (19)

Curves of the values of (io)10 - (8°o)10 as a function of 81 and a

are given in figure 56; curves of the values of 1 - m + n as a func-

tion of 81 and g are given in figure 57(a) for the 6S-(Alo)-series

mean line and in figure 57(b) for the circular-arc mean line) and values

of _ are plotted as a function of 61 and t/c in figure 58. The

use of the chart values of Kt in equation (18) gives results within

about 0.i ° of the exact values given by equation (17). Required camber

angle can thus be determined readily by equation (18) in conjunction

with figures 56 to 58.

CONCLUDING REMARKS

The foregoing analysis has presented a correlation of available two-

dimensional experimental cascade data in terms of parameters significant
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in compressor design. The work essentially presents a summary of the

state of experimental cascade research with regard to cascade performance

at the reference incidence angle. Rules and procedures were evolved for

the prediction of the magnitude of the reference total-pressure loss and

the reference incidence and deviation angles in satisfactory agreement

with existing cascade data. The rules may also be of help in reducing

the necessary experimental effort in the accumulation of further cascade

data.

However 3 the present analysis is incomplete. Many areas 3 such as

the deviation-angle rule for the double-circular-arc blade# require fur-

ther data to substantiate the correlations. Furthermore 3 additional in-

formation concerning the influence of high Mach number and off-design

incidence angles of cascade performance is needed.

Finally_ it is recognized that the performance of a given blade

geometry in the compressor configuration will differ from the performance

established in the two-dimenslonal cascade. These differences result

from the effects of the various three-dimensional phenomena that occur in

compressor blade rows. It is believed_ however 3 that a firm foundation

in two-dimensional-cascade flow constitutes an important step toward the

complete understanding of the compressor flow. The extent to which

cascade-flow performance can be successfully utilized in compressor de-

sign can only be established from further comparative evaluations. Such

comparisons between observed compressor performance and predicted two-

dimensional-cascade performance on the basis of the rules derived herein

are presented in chapter VII.

CO
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r 5 °

5P V2

"//_ Axial direction MeasurIAg plane

c blade chord

i incidence ar_le, angle between tangent to mean camber

line at leading edge and inlet-air velocity

s blade spacing

V I inlet-air velocity

V 2 outlet-air velocity

angle of attack, angle between chord and inlet-alr

velocity

_l inlet-air angle, angle between inlet-air veloclty and axial d_rection

GE outlet-air angle, angle between outlet-alr velocity and axial direction

f46 air-turning angle, _i - B2

T ° blade-chord angle, angle between chord and axial direction

5 ° deviation angle, angle between tangent to mean camber line

at trailing edge and outlet-air velocity

solidity, ratio of chord to spacing, c/s

@ blade camber anglej difference between angles of tangents

to mean camber line at leading and trailing edges

Figure 2. - Nomenclature for cascade blade.
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Figure 18. - Reference minimum-loss incidence angle for zero camber deduced

from low-speed-cascade data of 10-percent-thick NACA 6S-(Alo)-series
blades (ref. ll).
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Figure 21. - Variation of reference minimum-loss incidence angle with i/let Mach num-

ber for thick-nose sections. Maxlmum-thickness ratio, 0.i0.
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entr/' incidence angle according to potential theory of

reference 26.
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BLADE-ELEMENT FLOW IN ANNULAR CASCADES

By William H. Robbins, Robert J. Jackson, and Seymour Lieblein

SUMMARY

A blade-element analysis is made of annular-cascade data obtained

primarily from single-stage-compressor test installations. The parameters

that describe blade-element flow (total-pressure loss, incidence angle,

and deviation angle) are discussed with reference to the many variables

affecting these parameters. The blade-element data are correlated over a

fairly wide range of inlet Mach number and cascade geometry. Two blade

shapes are considered in detail, the 65-(Alo)-series profile and the

double-circular-arc airfoil. Compressor data at three radial positions

near the tip, mean, and hub are correlated at minimum-loss incidence

angle. Curves of loss, incidence angle, and deviation angle are presented

for rotor and stator blade elements. These correlation curves are pre-

sented in such a manner that they are directly related to the low-speed

two-dimensional-cascade results. As far as possible, physical explana-

tions of the flow phenomena are presented. In addition, a calculation

procedure is given to illustrate how the correlation curves could be uti-

lized in compressor design.

INTRODUCTION

Axial-flow-compressor research has generally been directed toward

the solution of either compressor design or compressor analysis problems.

In the design problem, the compressor-inlet and -outlet conditions are

given, and the compressor geometry must be determined to satisfy these

conditions. In contrast, for the analysis problem the inlet conditions

and compressor are specified, and the outlet conditions are desired.

(The analysis problem is sometimes referred to as the "direct compressor

problem.")

There are two phases of the axial-flow-compressor design problem.

In the first phase it is necessary to prescribe desirable velocity dis-

tributions at each radius of the compressor that will ultimately ful-

fill the design requirements. A discussion of the velocity-diagram
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phase of the compressor design procedure is given in chapter VIII. Second-

ly, proper blade sections are selected at each radial position and s_acked

in proper relation to each other to establish the design velocity diagrams

at each radius. In order to satisfy the design requirements successfully3

accurate blade-row design data are needed. Successful analysis of a com-

pressor (the analysis problem) also depends upon accurate blade-row data,

not only at the design point but also over a wide range of flow conditions

(ch. X).

In general, compressor designers have relied primarily on three

sources of blading information: (1) theoretical (potential-flow) solu-

tions of the flow past airfoil cascades_ (2) low-speed two-dimensional-

cascade data, and (3) three-dimensional annular-cascade data. Potential-
flow solutions have been used to a limited extent. In order to handle

the complex mathematics involved iu the theoretical solutions, it is nec-

essary to make simplifying assumptions concerning the flow field. Among

the most important of these is the assumption of a two-dimensional flow

field with no losses. Unfortunately_ in some cases these assumptions lead

to invalid results unless experimental correction factors are applied to

the computed results. These solutions are reviewed in chapter IV (ref. 1).

A considerable amount of blade design data has been obtained from

low Mach number experimental two-dimensional cascades. A rather complete

study of the cascade work that has been done to date is presented in

chapter VI, which correlates cascade data at minimum-loss incidence angle

for a wide range of inlet conditions and blade loadings. Low-speed two-

dimensional-cascade data have been applied successfully in many compressor

designs. However, with the design trends toward higher Mach numbers and

higher blade loadings, these cascade results have not always been com-

pletely adequate for describing the compressor flow conditions, particu-

larly in regions of the compressor where three-dimensional-flow effects

predominate.

Because of such effects_ it becomes essential that blade-element data

be obtained in a three-dimensional-compressor environment. These three-

dimensional-cascade data (obtained primarily from single-stage compressors)

may then be used to supplement and correct the theoretical solutions and

the two-dimensional-cascade information. Some success has been obtained

in correlating annular-cascade data with the theory and the two-

dimensional-cascade results (refs. 2 to 6); however_ the range of varia-

bles covered in these investigations is not nearly complete.

The purpose of this chapter is to correlate and summarize the availa-

ble compressor data on a blade-element basis for comparison with the two-

dimensional-cascade data of chapter V!. An attempt is made to indicate

the regions of a compressor where low-speed two-dimensional-cascade data

can be applied to compressors and also to indicate the regions where cas-

cade results must be modified for successful application to compressor

o
o_
_O
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design. Two blade sections are considered in detail, the NACA 65-(Alo)-

series blade and the double-circular-arc airfoil section. Particular

emphasis is placed on obtaining incidence-angle, deviation-angle, and loss

correlations at minimum loss for blade elements near the hub, mean, and

tip radii of both rotor and stator blades. Empirical correction factors

that can be applied to the two-dimensional-cascade design rules are given,

and application of the design rules and correction factors to compressor

design is illustrated.
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SYMBOLS

The following symbols are used in this chapter:

speed of sound based on stagnation conditions, ft/sec

exponent in deviation-angle relation (eq. (4)), function of inlet-

air angle

chord length, in.

diffus ion factor

incidence angle, angle between inlet-air direction and tangent to

blade mean camber line at leading edge, deg

correction factor in incidence-angle relation, function of blade
maximum-thickness ratio and thickness distribution

correction factor in deviation-angle relation, function of blade

maximum-thickness ratio and thickness distribution

Mach number

factor in deviation-angle relation at _ = 1 (eq. (4)), function

of inlet-air angle

factor in deviation-angle relation (eq. (6)), function of blade-

chord angle

slope factor in incidence-angle relation (eq. (5)), function of

Inlet-air angle and solidity

total or stagnation pressure, lb/sq ft

static or stream pressure, lb/sq ft

r radius
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s blade spacing, in.

T total or stagnation temperature

t blade maximumthickness, in.

V air velocity, ft/sec

air angle, angle between air velocity and axial direction, deg

y ratio of specific heats

ro blade-chord angle, angle between blade chord and axial direction,
deg

5° deviation angle, angle between outlet-air direction and tangent to
blade meancamber line at trailing edge, deg

efficiency

e* boundary-layer momentumthickness, in.

a solidity, ratio of chord to spacing

blade camber angle, difference between angles of tangents to mean
camber line at leading and trailing edges, deg

angular velocity of rotor_ radians/sec

total-pressure-loss coefficient

Subscripts:

ad adiabatic

6O

_0
0

C compressor

GV inlet guide vanes

h hub

id ideal

m mean
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min minimum

o zero camber

R rotor

S stator

ST stage

t tip

z axial direction

8 tangential direction

i station at inlet to blade row or stage

2 station at exit of blade row or stage

2-D low-speed two-dimensional cascade

l0 blade maximum-thickness-to-chord ratio of lO percent

Superscript:

' relative to rotor

PRELIMINARYCONSIDERATIONS

Blade-Element Concept

In current design practice_ the flow distribution at the outlet of
compressor blade rows is determined from the flow characteristics of the
individual blade sections or elements. The blade-element approach to
compressor design is discussed in detail in chapter III (ref. i) and ref-
erence 7. To review briefly 3 axial-flow-compressor blades are evolved
from a process of radial stacking of individual airfoil shapes called
blade elements. The blade elements are assumedto be along surfaces of
revolution generated by rotating a streamline about the compressor axis;
this stream surface of revolution maybe approximated by an equivalent
cone (fig. I). Each element along the height of the blade is designed to
direct the flow of air in a certain direction as required by the design
velocity diagram of the blade row. The basic parameters defining the
flow about a blade element are indicated in figure 2. Stated simply_
blade-element flow is described by the variations of the loss in total
pressure across the blade row and of the air-turning angle with the
incidence angle (or angle of attack).
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Factors Affecting Blade-Element Performance

The flow about a given blade element in a compressor configuration
is different from that in a two-dimensional cascade because of three-
dimensional effects in compressor blade rows. These three-dimensional
effects influence the magnitude of the design incidence angle, the loss
in total pressure, and the deviation angle.

Incidence angle. - In the low-speed two-dimensional cascade, the

minlmum-loss incidence angle depends on the blade geometry (camber, so-

lidity, and blade thickness), the inlet-air angle, and inlet Mach number

(ch. VI). In compressor operation_ several additional factors can alter

the minlmum-loss incidence angle for a given element geometry - for ex-

ample_ differences in testing procedure. In compressor operation, inci-

dence angle, inlet-air angle_ and inlet Mach number vary simultaneously;

in contrast, cascades are often operated with fixed inlet-air angle and

inlet Mach number. Some net difference in the range characteristics and,

therefore, the location of the point of minimum loss between cascade

operation at constant inlet-air angle and compressor test operation (with

varying inlet-air angle) may be obtained.

In addition to these blade-element considerations, of course_ there

are sources of difference arising from compressor three-dimensional ef-

fects. For example, radial variations of minimum-loss incidence angle

that are not consistent with the trends predicted from cascade blade-

element considerations have been observed in compressor rotors (refs. 8

and 9). Apparently, radial position may also be a factor in determining

compressor minimum-loss incidence angle.

Total-pressure loss. - In the two-dimensional cascade, the magnitude

of the loss in total pressure across the blade element is determined from

the growth of the blade surface boundary layers (profile loss). In the

actual compressor, the loss in total pressure is determined not only by

the profile loss, but also by the losses induced by the three-dimensional
nature of the flow. These three-dimensional losses result from secondary

motions and disturbances generated by the casing wall boundary layers,

from blade tip clearance, from radial gradients of total energy, and from

interactions of adjacent blade rows. The compressor loss picture is fur-

ther complicated by the tendency of boundary-layer fluid on the compres-
sor blade surfaces and in the blade wake to be displaced radially. As a

consequence of this phenomenon, the loss measured downstream of a given

blade element may not necessarily reflect the actual loss generated at

that element, but something more or less, depending on the radial loca-

tion of the element.
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It is expected, therefore, that the factors influencing the magni-

tude of the blade-element loss in the compressor will include the factors

affecting the profile loss (blade surface velocity distribution, inlet

Mach number, blade-chord Reynolds number, free-stream turbulence, and

blade surface finish) and the factors affecting the three-dimensional

losses. Investigations of compressor blade-element losses based on sur-

face velocity distribution, as expressed in terms of diffusion factors,

are presented in references I0 and ii. The essentially secondary effects

of blade surface finish and trailing-edge thickness on compressor loss

are investigated in references 12 and 13. Results of tests of blade-

element performance (ref. 14 and eh. V (ref. i)) and over-all performance

(refs. 15 and 16) at varying Reynolds numbers indicate that there is no

significant variation in loss for Reynolds numbers above approximately

2.5xi0 5. (Since most of the compressor data used in this analysis are

for Reynolds numbers greater than 2.5xI0 5, no Reynolds number effects are

believed to exist for the data.) Some variations of compressor loss with

inlet Mach number have been established in references 8, 17, and 18.

These results 3 however, are not complete indications of Mach number ef-

fects (shock losses), since the corresponding variations of blade diffu-

sion with Mach number are not identified. An attempt to separate the

variation of diffusion and shock losses with Mach number by means of an

analysis based on the diffusion factor of reference i0 is presented in

references 9 and 19.

Although some aspects of the compressor three-dimensional-flow phe-

nomena are known (chs. XIV and XV (ref. 20)), the specific factors or

parameters affecting compressor three-dimensional losses have not been

established for analysis purposes. At present, the three-dimensional

loss can be treated only on a gross basis as a difference between the

total measured loss and the predicted profile loss.

Deviation angle. - In the two-dimensional cascade the mlnimum-loss

deviation angle varies primarily with the blade geometry and the inlet-

air angle. Experience with compressor operation indicates that blade-

element minimum-loss deviation angle is also sensitive to three-

dimensional effects. The two principal compressor effects are secondary

flows and changes in axial velocity across the blade element. Secondary

flows are treated in chapter XV (ref. 20) and in reference 21. Correc-

tions are established in reference 21 for the effect of secondary flows

on the outlet angles of compressor inlet guide vanes. At present, how-

ever, rotor and stator secondary-flow effects can be treated only on a

gross basis.

The effects of changes in axial velocity ratio on the turning angles

of a fixed blade-element geometry are conclusively demonstrated in the

rotor investigations of reference 4. There are several origins of vary-

ing axial velocity ratio across a compressor blade element: (i) contrac-

tion of the annulus area across the blade row_ (2) compressibility, which
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varies axial velocity ratio for a fixed annulus area, and (3) differences
in the radial gradient of axial velocity at blade-row inlet and outlet,
which can arise from the effects of radial-pressure equilibrium (ch. VIII).
Although several attempts have been madeto establish corrections for the
effect of change in axial velocity ratio on deviation angle (refs. 4 and
22), these proposed correction techniques have not been nniversally suc-
cessful. The principal difficulty involved in the axial velocity correc-
tions is the inability to determine the corresponding changes in blade
circulation (i.e., tangential velocity). Values of axial velocity ratio
were identified for the deviation-angle data presented, although no at-
tempt was madeto apply any corrections.

Someof the secondary factors influencing deviation angle, such as
inlet Machnumberand Reynolds number, are investigated in references 4,
8, and 17. These results indicate that the variations of deviation
angle with Machnumberand Reynolds numberare small for the range of
data considered in this survey.

Correlation Approach

In this chapter, annular-cascade data are comparedwith the two-
dimensional-cascade correlations of minimum-loss incidence angle, total-
pressure loss, and deviation angle of chapter VI. In this way, compres-
sor investigations serve as both a verification and"an extension of the
two-dimensional-cascade data. Two-dimensional-cascade data correlations
and ru!es_ in conjunction with correction factors deduced from the three-
dimensional data_ can then be used for compressor design and analysis.

With this approach in mind_ all available single-stage data were
collected_ computed_and plotted in a form considered convenient for
correlation. The blade and performance parameters used in the analysis
are similar to those used in the two-dimensional-cascade correlations of
chapter Vi. Camberangle_ incidence angle_ and deviation angle (fig. 2)
are used to define the blade camber_air approach_ and air leaving direc-
tions_ respectively. These angles are based on tangents to blade mean
camber line at the leading and trailing edges. As in chapter VI, the
NACA65-(Alo)-series blades are considered in terms of the equivalent
circular-arc camber line (figs. 3 and 4 of ch. VI_ pp. 43-44).

Loss in total pressure across the blade element is expressed in
terms of the loss parameter _' cos _/2_, ,_here the relative total-
pressure-loss coefficient _' is defined as the mass-averaged defect in
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relative total pressure divided by the pressure equivalent of the inlet
velocity head:

I -- !

- P2 id P2 (1)
' = P_ - Pl

C_

_O
O

C]

?

For stationary blade rows, or no change in streamline radius across the

rotor, the numerator of equation (I) becomes the decrease in relative

total pressure across the blade row from inlet to outlet. The relative

total-pressure-loss coefficient was computed from stationary measurements

of total pressure and total temperature and from the computed relative

inlet Mach number according to reference i0. The total-pressure-loss

parameter _' cos _/2_, as indicated in chapter VI, can be used as a

significant parameter for correlating blade losses.

The diffusion factor, which is used as a blade-loading parameter_ is

defined in reference i0 for no change in radius as follows:

A typical example of the plotted performance parameters for a rotor

blade row is shown in figure 3. The data represent the variations of the

flow at fixed rotational speed. Plots for stator blade rows show similar

trends of variation. As in chapter VI, a reference point was established

as the incidence angle for minimum loss (fig. 4(a)), and the blade-element

flow was analyzed at this reference point. In cases where minimum-loss

incidence was not clearly defined, the reference point was taken as the

mean incidence of the incidence-angle range for which values of c_ at

the end points are twice the minimum value (fig. 4(b)). In some in-

stances, near the compressor tip the loss-against-incidence-angle curve

increased continuously from a minimum value of loss parameter at the

open-throttle point. In presenting data for these cases several points

near the minimum-loss value are plotted.

One of the primary objectives of this analysis is to determine dif-

ferences in blade-element performance with compressor radial position.

Therefore, three radial positions along the blade span (near the hub,

mean radius, and tip) of each blade row are considered. The radial posi-

tions st the hub and tip are approximately I0 to 15 percent of the pas-

sage height away from the inner and outer walls, respectively, which are

outside the wall boundary-layer region in all cases. The analysis is

directed toward correlating the loss and deviation-angle data at refer-

ence incidence angle and determining the varia±ion of reference incidence

angle with blade geometry and Mach number at the three radial positions.
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Experimental Data Sources

There are three sources of three-dimensional-cascade blade-element
data: stationary annular-cascade tunnel investigations, multistage-
compressor investigations, and single-stage or single-blade-row compressor
investigations. A relatively small amountof data has been accumulated
from blade-row investigations conducted in stationary annular-cascade tun-
nels. Tunnels of this type have been used primarily for inlet-guide-vane
investigations. Typical examplesof annular-cascade tunnel investigations
are reported in references 14 and 23. Numerousmultistage-compressor in-
vestigations have been conducted both in this country and abroad. Unfor-
tunately, the data obtained from these investigations are too limited to
permit the construction of individual blade-row-element performance curves
similar to those illustrated in figure 3.

The data used in this investigation were obtained primarily from in-
vestigations of single rotor rows or of single-stage compressors. A typ-
ical slngle-stage-compressor test installation is shownin figure 5. This
particular compressor consists of a row of inlet guide vanes, a rotor
blade row driven by a variable-speed motor, and a stator blade row. A
discharge throttle is installed in the outlet system to vary the compres-
sor back pressure. In this manner, the compressormass-flow rate can be
controlled. In an installation such as this, compressorperformance over
a range of speeds and mass flows can be obtained simply. In manycases,
test rigs similar to figure 5 have been operated with only guide vanes
and rotors or with rotors alone.

Manyphases of compressor research have been conducted in single-
stage-compressor test rigs; and, in reporting these phases, complete
blade-element results are not usually presented. Therefore, it was nec-
essary to collect available original data and rework them iu terms of the
parameters of the analysis. Since only NACAoriginal data were available
in blade-element form, the data analysis is based mainly on single-stage-
compressor investigations conducted at the Lewis laboratory. The measure-
ments taken and the instrumentation used vary somewhatfrom compressor to
compressor; in most cases, however, it is possible from the available data
to reconstruct complete experimental velocity diagrams and to determine
the blade-element performance. Radial survey measurementswere madeafter
each blade row. Normally, total pressure, static pressure, total tempera-
ture, and air direction were measured. The pressure- and temperature-
measuring devices were calibrated for the effect of Machnumber.

Most of the compressor investigations that were adaptable to this
analysis were conducted on NACA65-(A10)-series airfoil shapes and double-
circular-arc airfoils. Therefore, the analysis is concerned solely with
these airfoils. The 65-(A10)-series airfoil has been used extensively in
subsonic compressors; and the double-circular-arc airfoil, which is a
relatively simple airfoil shape, has been used effectively in transonic
compressors. Details of the characteristics of the various blade rows

O
o_
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used in this analysis are summarized in table I, and details of the

instrumentation, calculation procedurej and accuracy of measurement are

given in the listed references.

c_
(D
O

c]

?

c_

o

INCIDENCE-ANGLE ANALYSIS

Method of Correlation

In correlating blade-element reference-incidence-angle data 3 meas-

ured values of incidence angle are compared with values of reference inci-

dence angle predicted for the geometry of the blade element according to

the low-speed two-dimensional-cascade correlations of chapter VI. In

chapter VI, the low-speed two-dimensional reference incidence angle is

expressed in terms of the blade geometry as

i2_ D = Ki(io)lO + n@ (3)

where K i is a function of blade thickness distribution and maximum-

thickness ratio, (io)lO is the zero-camber incidence angle for the 10-

percent-thick airfoil section (function of air inlet angle 81 and

solidity o), and n is equal to [(i - io)/@]2_ D (also a function of

_i and o). Values of Kij (io)lO , and n for the circular-arc and

65-(Alo)-series blade are repeated in figures 6 to 8 for convenience.

The comparisons between measured blade-element reference incidence

angle iC and predicted two-dimensional incidence angle i2_ D are ex-

pressed in terms of the difference (iC - i2_D). Thus, a value of zero

of the difference parameter corresponds to an equivalence of the two in-

cidence angles. In view of the established tendency of the reference

incidence angle to increase somewhat with inlet Mach number (¢h. VI), it

was thought desirable to plot the variation of the difference parameter

(iC - i2_D) against relative inlet Mach number for the three radial posi-

tions at hub, mean, and tip.

NACA 65-(A10)-series blades. - The results of the comparison between

compressor anG two-dimensional-cascade reference incidence angles for the

NACA 65-(Alo)-series blades are presented in figure 9 for aub- mean-,

and tip-radius regions. Both rotor and stator data are preseuted_ the

stator data being represented by the solid points. Different values of

incidence angle for a given symbol represent different compressor tip

speeds. As might be expected in a correlation of this type involving

data from different test installations and instrumentations, the data

are somewhat scattered_ particularly in the hub and tip regions. It has
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not been possible in these instances to evaluate the significance or ori-
gin of the scatter. (In compressor investigations, instrumentation in-
accuracy generally contributes heavily to the data scatter_ especially at
hub and tip.) Nevertheless, the results of the comparison are indicative
of the trends involved_ and it is possible to makesomegeneral
observations.

For the rotor mean-radius region, where three-dimensional disturb-
ances are most likely a minimum_the rotor minimum-loss incidence angles
are, on the average_ about i ° smaller than the corresponding cascade-
predicted values. This difference maybe a reflection of someof the
compressor influences discussed previously. The data also indicate that
no essential variation of reference incidence angle with relative inlet
Machnumber exists up to values of M_ of about 0.8. The 6S-(Alo)-series
blade_ having a thick-nose profile_ apparently exhibits the sameapprox-
imate constancy of minimum-loss incidence angle with Machnumberas in-
dicated for the British thick-nose C-series profile in the cascade com-
parisons of chapter VI.

At the rotor tip_ the compressor reference incidence angles are from
0° to Ao less than the predicted cascade values. As in the case of the
rotor meanradius_ no essential variation with inlet Machnumber is ob-
served in the range of data covered. The lower values of rotor reference
incidence angle were generally the result of a change in the form of the
variations of loss against incidence angle in the'rotor, as illustrated
in figure i0. The change in form maybe explained on the basis of a
probable increase in rotor tip three-dimensional losses (centrifuging
of blade boundary layer_ tip-clearance disturbances_ etc.) with increasing
incidence angle.

At the rotor hub_ the situation is somewhatconfused by the wide
range of data. A tendency of the compressor incidence angles to be some-
what larger than the corresponding cascade values with an average value
of about i ° or 2° is indicated.

For the stator mean-radius and hub regions_ close agreemeatbetween
compressor and cascade incidence angles is indicated for the range of
Machnumberscovered (to about 0.7). Considerable scatter exlsts in the
stator data at the compressor tip_ therefore_ no definite conclusions can
be madeconcerning the variations of incidence angle.

Double-circular-arc blade. - The results of the double-circular-arc

airfoil correlation are presented in figure Ii, where compressor refer-

ence incidence angle minus low-speed-cascade-rule incidence angle (eq.

(3)) is plotted against relative inlet Mach number for the hub, mean_ and

tip radial positions for both rotors and stators. The dashed curve rep-

resents the variation obtained with a 25°-camber double-circular-arc blade

in high-speed two-dimensional cascade (oh. VI).

O
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It is immediately apparent that rotor reference incidence angle at

all radial positions increases with increasing Mach number. The data

indicate that the magnitude of the increase in reference incidence angle

with Mach number is larger at the hub than at the tip. The hub data

points in figure ii were obtained from blade elements of relatively high

camber. Both potential-flow and low-speed-cascade results indicate that

this type of configuration is associated with a negative value of refer-

ence incidence angle. As inlet Mach n_mber is increased, the increase

in incidence angle In the positive direction must be fairly large in

order to avoid high losses associated with blade-row choking. In con-

trast, at the compressor tip, since the blade cambers are generally

lower (see table !), the low-speed incidence angle is higher and the

required rate of change of incidence angle with increasing Mach number

is not as large. Unfortunately_ low Mach number data were not avail-

able to permit extrapolation of the rotor incidence-angle variations to

zero _ch number (level of cascade correlation). However, it is be-

lieved that there will be very little change in the rotor incidence angle

for values of Mach number below about 0.4 to 0.5. Extrapolated values of

rotor reference incidence angle _t zero Mach number appear to be of the

order of 0.5 ° at the hub, 1.5 ° at the mean rad_ius, and 2.S ° at the tip

below cascade-rule values.

The double-circular-arc blade element in the compressor rotor exhib-

its the same general incidence-angle characteristic with Mach number that

was observed for sharp-nosed blade sections in the high-speed two-

dimensional cascade (ch. VI). As indicated in chapter VI, the lncrease

in reference incidence angle with Mach number is associated wlth the tend-

ency of the range of the blade to be reduced only on the low-incidence

side of the loss curve as Mach number is increased.

The rotor data for the double-circular-arc section_ like those for

the 6S-(Al0)-series blades_ are comparable to the cascade variations at

the mean radius_ somewhat higher at the hub at the higher Mach numbers_

and noticeably lower at the tip. Apparently, the same type of three-

dimensional phenomenon occurs at the tip for both blade shapes.

The available double-circular-arc stator data are too meager for

any conclusions.

Summary Remarks

The variation of reference incidence angle for 65-(Aio)-series and

double-circular-arc blade sections has been presented. No Mach number ef-

fect on reference incidence angle was observed for the 65-(Alo)-series

blades for the range of Mach numbers considered. In contrast_ the double-

circular-arc blade sections exhibit a pronounced variation of reference

incidence angle over the range of Mach number investigated. Significant
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differences between the two-dimensional-cascade data and the rotor data
were observed at the compressor tip. In contrast, at the meanradius and
hub, the differences in two-dimensional-cascade data and rotor data were
relatively small, even though the flow field was three-dimensional.

Additional data are required to determine the variation of stator
reference incidence angle, particularly for the double-circular-arc air-
foil sections. Also, no information has been presented concerning the
allowable incidence-angle range for efficient (low-loss) operation and
the variation of this range with inlet Machnumber. Investigations of
these phases of compressor research are very essential to fill gaps in
the compressor design and analysis procedures and warrant attention in
future research programs.

o
o'_

_-)

TOTAL-PRESSURE-LOSS ANALYSIS

Correlation of Data

For two-dimensional-cascade data obtained at low Mach numbers, the

values of total-pressure-loss parameter _ cos _2/2_ plotted against

diffusion factor (eq. (2)) form essentially a single curve for all cas-

cade configurations. The diffusion-factor correlation of loss parameter

was applied to data obtained over a range of Mach numbers from single-

stage axial-flow compressors of various geometries-and design Mach num-

bers. Values of total-pressure-loss parameter calculated from single-

stage-compressor data are plotted against diffusion factor for the hub,

mean, and tip measuring stations in figure 12. Each symbol represents

the value of diffusion factor and loss parameter at reference incidence

angle at a given tip speed. Also plotted as a dashed curve is the cor-

responding correlation presented in chapter VI for the low-speed two-

dimensional-cascade data. The data of figure 12, which were obtained

from the rotor and stator configurations summarized in table I, represent

both 65-(A10)-series and circular-arc blade sections. The plots of fig-

ure 12 essentially represent an elaboration of the loss-diffusion corre-
lations of reference I0.

The most important impression obtained from the rotor data plots is

the wide scatter and increasing loss trend with diffusion factor at the

rotor tip, while no discernible trend of variation is obtained at the

rotor hub and mean radii. For the rotor hub and mean radii, it can be

assumed that the rotor blade-element loss parameter follows the cascade

variation but at a higher average magnitude. Unfortunately, the range
of diffusion factor that could be covered in the compressor tests was not

sufficient to determine whether a marked rise in loss is obtained for

values of diffusion factor greater than about 0.6 (as in the cascade).
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It is apparent from the loss trend and data scatter at the rotor

tip that a different loss phenomenon is occurring in the tip region. It

is recognized that a part of the scatter is due to the general instrumen-

tation inaccuracy in the highly turbulent tip regions. In view of the

usually large radial gradients of loss existing in the blade tip region,

small variations in positioning radial survey probes can cause noticeable

differences in the computed results. Nevertheless, it is obvious that

factors other than the blade-element diffusion are influencing the tip

loss. The specific three-dimensional factors or origins involved in the

loss rise at the tip are not currently known. The principal conclusion

reached from the plot is that the likelihood of a rising loss trend on

the rotor tip exists for values of diffusion factor greater than about
0.35.

The stator losses at all radial positions in figure 12 appear to be

somewhat higher than those of the two-dimensional cascade, particularly
at the higher values of diffusion factor.

Summary Remarks

Rotor and stator blade-element loss data were correlated by means

of the diffusion factor. The losses for stator and rotor blade elements

at hub and mean radii were somewhat higher than those for the two-

dimensional cascade over the range of diffusion factor investigated. At

the rotor tip, the losses were considerably higher at values of diffusion

factor above approximately 0.35.

The foregoing blade-element loss analysis is clearly incomplete.

The need for additional work is indicated for such purposes as evaluating

the origin and magnitude of the tip-region losses. The loading limits

for rotors at other than the tip region and for stators at all blade ele-

ments have not been determined, because, for the available data, the dif-

fusion factors at reference incidence do not extend to sufficiently high

values. Single-stage investigations are needed over the critical range of

Reynolds number to determine the effect of Reynolds number on the blade-

element loss. It is desirable to isolate the effects of velocity diffu-

sion and shock waves on the loss at high Mach number operation. The loss

correlations presented should also be extended so that the data are ap-

plicable over a range of incidence angle. This would be of extreme value

in the compressor analysis problem.

DEVIATION-ANGLE ANALYSIS

In addition to design information concerning blade-element losses

and incidence angle_ it is, of course, desirable to have a rather com-

plete picture of the air deviation-angle characteristics of axial-flow-

compressor blade elements. Therefore, the two-dimensional-cascade cor-

relation results are reviewed and supplemented with annular-cascade data
in this section.
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Method of Correlation

As in the analysis of reference incidence angle, the correlation of
blade-element deviation angle at reference incidence is presented in terms
of a comparison between measuredblade-element deviation angle and devia-
tion angle predicted for the element according to the low-speed two-
dimensional-cascade correlations of chapter VI. In chapter VI, the low-
speed two-dimensional-cascade deviation angle at reference incidence
angle is expressed in terms of blade geometry as

m
(4)

where K5 is a function of maximum-thickness-to-chord ratio and thickness

distribution, (5_)iO is the zero-camber deviation angle for the lO-

percent-thick airfoil section (function of _i and e), m is a func-

tion of _ for the different basic camber distributions, and b is an

exponent that is also a function of _.

As was shown previously, the reference incidence angle of the com-

pressor blade element may differ somewhat from the corresponding two-

dimensional reference incidence angle. Inasmuch as deviation angle will

vary with changing reference incidence angle for a given blade geometry

(depending on solidity), the two-dimensional deviation angles were cor-

rected to the reference incidence angles of the compressor blade elements.

The corrected deviation angle, as suggested in chapter VI, is given by

o m5_-D--K5(5o)i0+ 7 _ + (iC- i2_D)d6°2-D (5)

where (dS°/di)2_D is the slope of the two-dimensional variation of de-

viation angle with incidence angle at reference incidence. Values of

KS, (5o°)i0, m, b, and (dS°/di)2_D for the circular-arc and 65-(AI0 )-

Series blade are repeated in figures 13 to 17 for convenience.

Deviatim_-angle comparisons for the double-circular-arc blade were

also made on the basis of Carter's rule for cascade blades (ref. 24):

o
c]
_D

m c

8__D: _ _ (6)

where mc is a factor that is a function of blade-chord angle (fig. 18).
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Carter's rule, which has been used extensively in the design of
circular-arc blades_ was used as the basis for the more elaborate rule of

equation (_). In the calculations, Carter's rule was applied directly to

the compressor reference incidence angles.

The comparisons between measured blade-element reference deviation

angle 6_ and predicted two-dimensional deviation angle B__ D are ex-

pressed in terms of the difference parameter (5_ o- 62_D) against relative

inlet Mach number for the three radial positions at hub, tip_ and mean

radius.

NACA 65-(A10)-series blades. - Curves of compressor deviation angle

minus cascade-rule deviation angle (eq. (5)) for the 65-(Alo)-series air-

foil for both rotors and stators are plotted against relative inlet Mach

number for the hub, mean, and tip radial positions in figure 19(a). All

values of deviation angle correspond to those at compressor reference in-

cidence angle. As in the case of the incidence-angle and loss correla-

tions, there is considerable scatter of data, particularly in the hub and

tip regions. Some of the scatter is believed due to the effects of three-

dimensional flows and changes in axial velocity ratio across the element_

but perhaps the most important factors are instrumentation differences and

errors. It is generally recognized that it is difficult to measure com-

pressor air angles with an accuracy better than about +]o to 1.5 ° . The

correlations must therefore be evaluated on an average or trend basis.

The correlation of rotor data in the mean-radius region is fairly

good; axial velocity ratio varied between about 0.9 to i.i0. On the av-

erage, the rotor mean-radius deviation angles are about 0.5 ° less than the

cascade values. These results agree with previous experience (refs. 4

and S), which indicated rotor turning angles approximately i° greater

(i.e., deviation angles i° less) than the two-dimensional-cascade results.

If data points for the rotor tip having axial velocity ratios less than

0.8 are neglected_ the average deviation angle is about 0.5 ° less than

the cascade value. Axial velocity ratio for the tip-region unflagged data

varied between 0.8 and 1.05. For the hub_ on the average_ the blade-

element deviation angles were about 1.0 ° greater than the corresponding

two-dimensional values. Hub axial velocity ratios varied between 1.0 and

1.3. As in the two-dimensional cascade (ch. VI)_ no Mach number effect

on deviation angle is indicated over the range of Mach number investigated

for all three regions.

For the stator mean-radius (Vz,2/Vz, I = 1.0 to i.i) and hub-radius

(Vz,2/Vz, I = 0.85 to 1.05) regions, the average deviation angles are both

about 1.0 ° lower than the corresponding two-dimensional values. At the

stator tip_ the average blade-element value is indicated to be about 4°

less than the two-dimensional value. However_ these data all have high
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axial velocity ratios (from i.I to 1.5). It is expected that; on the
basis of constant axial velocity, the probable average blade-element de-
viation angles at the stator tip might be several degrees closer to the
two-dimensional values. (Increasing axial velocity ratio at essentially
constant circulation for the stator tends to decrease deviation angle.)
As in the case of the rotor, no essential variation of deviation angle
with Machnumber is detected for the stator within the range of Machnum-
bers investigated.

Double-circular-arc blade. - Blade-element and two-dimensional-

cascade deviation angles (eq. (5)) obtained for the double-circular-arc

blade are compared in figure 19(b). The scatter of data is generally

less than for the 65-(Alo)-series blades, partly because of the generally

more accurate measurements taken in these investigations (all are more

recent than the data of fig. 19(a)).

On the average, at the lower Mach numbers the blade-element deviation

angles were about 1.5 ° less than the two-dimensional values at the tip,

1.0 ° greater at the hub, and equal to the two-dimensional values at the

mean region. Ranges of axial velocity ratio covered for the data were

0.85 to 1.05 at the tip, 0.95 to 1.5 at the hub, and 0.90 to 1.15 at the

mean radius. A slightly increasing trend of variation with inlet Mach

number may be indicated at the mean radius and possibly also at the hub.

The double-circular-arc stator data available (solid symbols) are too

limited to permit any reliable conclusions to be drawn. It appears, how-

ever; that at the stator mean radius, the blade-element deviation angles

may be about 0.5 ° less than the two-dimensional-cascade values. This is

essentially the same trend observed for the 65-(Alo)-series stators at mean

radius in figure 19(a). Blade-element deviation angles appear to be

greater at the tlp and smaller at the hub than the two-dimensional values.

Ranges of axial velocity ratio were 1.0 to 1.25 at the tip, 0.95 to 1.27

at the mean radius, and 0.9 to 1.50 at the hub.

Blade-element deviation angles and two-dimensional values predicted

by Carter's rule (eq. (6)) are compared in figure 20. Inasmuch as Carter's

rule results in values of two-dimensional deviation angle between 0.5 ° to

1.0 ° smaller than obtained from the modified rule of equation (5) for the

range of blade-element geometries included in the data, the agreement with

the blade-element data remains quite good.

0
O_
bO

Summary Remarks

From the comparisons of measured and predicted reference deviation

angles for the NACA 65-(AlO)-series and double-circular-arc blades, it

was found that the rules derived from two-dimensional-cascade data can



NACARMES6BO3a 115

LO
0

satisfactorily predict the compressor reference blade-element deviation

angle in the rotor and stator mean-radius regions for the blade configu-

rations presented. Larger differences between rule and measured values

were observed in the hub and tip regions. These differences can be at-

tributed to the effects of three-dimensional flow_ differences in axial

velocity ratio_ and measurement inaccuracy. As in the cascade, essen-

tially constant deviation angle with Mach number was indicated for the

Mach number range covered. Additional stator blade-element data_ partic-

ularly for the double-circular-arc blade_ are required to establish the

stator correlations more firmly.

c_

?
DI

APPLICATION TO DESIGN

Design Procedure

The foregoing correlations provide a means of establishing the ref-

erence incidence angle and estimating the corresponding deviation angle

and total-pressure loss for rotor and stator blade elements of compressor

designs similar to those covered in the analysis. This is accomplished

by establishing deduced curves of compressor blade-element incidence-

angle and deviation-angle corrections for the low-speed two-dimensional-

cascade rules of chapter VI. Reference incidence and deviation angles

for the compressor blade element are then given by

ic :i2_D+ (ic i2_D) (7)

and

: 82_D+ - (8)

where i2_ D and 6__ D are given by equations (S) and by (5) or (6),

respectively. Curves of incidence-angle and deviation-angle corrections

deduced from the rotor blade-element data of figures 9, ll, 19, and 20
are shown as functions of relative inlet Mach number for several radial

positions along the blade height in figures 21 and 22. The curves in

figures 21 and 22 are faired average values of the data spread and_

strictly speaking, represent bands of values. In view of the very lim-

ited data available, compressor correction curves could not reliably be

established for the stator deviation and incidence angles.

Establishing single deduced blade-element loss curves at reference

incidence angle is a difficult task because of the scatter of the ex-

perimental data, especially in the rotor tip region. Nevertheless, for

completeness in order to illustrate the prediction procedures, curves of

average total-pressure-loss parameter as a function of diffusion parameter
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obtained from the data of figure 12 are shownin figure 25 for rotor and
stator. The shaded portion in the figure indicates the possible band of
values obtainable at the rotor tip.

The procedure involved in determining blade-element camber angle
and efficiency at reference incidence angle for a compressor design based
on the blade-row velocity diagram and the foregoing correlation curves is
now indicated. The desired blade-element turning angle (_i - _) and

' are obtained from the design velocityrelative inlet Machnumber MI
diagram. Camberand turning angles are related by the equation

(9)

Compressor blade-element incidence (eqs. (5) and (7)) and deviation (eqs.

(5) and (8)) angles are given by

iC = Ki(io)lO + n@ + (iC - i2_ D) (io)

O
CO
_O
_D

o m i
8_ = K6(6o)10 + _' + (i c - 2_D;\_/2_D + (6 8 - 5__ D)

(li)

Substitution of equations (i0) and (ll) into equation (9) and rearrange-

ment of terms yield:

o o °(_{- _) + (5C - 52-D) - (ic - i2-D) .0- \di /Z-DJ
9=

m

i - V+ n

(12)

All terms on the right side of equation (12) can be determined from

the velocity-diagram properties, the specified blade shape and thickness,

and the specified solidity. After the camber angle is determined, the

incidence and _eviation angles can be calculated from equations (i0) and

(ii). Rotor blade-element loss parameter is estimated from the velocity-

diagram diffusion factor and the curves of figure 12. The total-pressure-

loss coefficient _' is then readily obtained from the blade-element so-

lidity and relative air outlet angle. Blade-element efficiencies for the

rotor and complete stage can be computed by means of the techniques and

equations presented in the appendix. If the change in radius across the

blade row can be assumed small_ blade-element efficiency can be determined

through the use of figures 24 to 26 from the selected values of _' and

' and absolute total-pressure ratio or total-temperaturethe values of M I

ratio obtained from the velocity diagram.
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The foregoing procedure can best be illustrated by a numerical ex-
ample. Supposethe following specified rotor design values represent
typical values at i0 percent of the passage height from the compressor
tip:

P_ = 56.9 °

- = lO.9o

M_ = i.I

D = 0.35

T 2
m= 1.091
T I

obtained from velocity-diagram

calculations (oh. VIII)

= 1.0 _ assumed values

t/c = 0.06 J
The problem is to find the camber, incidence, and deviation angles

and the total-pressure-loss coefficient for a double-circular-arc airfoil

section that will establish the velocity-diagram values.

(i) From the value of M_ and figures 21(b) and 22(b),

i C - i2_ D = 4.0 ° 6_ - 8__ D = - 1.5 °

(2) From the values of _, _, and t/c and figures 6 to 8 and

15 to 17,

K i = 0.54 (io)10 = 4.4 ° n = -0.22 K 5 = 0.37

fdS°_ =
(6°)10 = 1.6 ° m = 0.305 b = 0.71A \di /2-D 0.095

(3) When the values of steps (i) and (2) are substituted in equation

(12)_ the value of blade camber @ = 8.4 °,

(4) From equations (I0) and (Ii), iC = 4.5 and 8_ = 2.0.
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(5) For calculation of the total-pressure-loss coefficient, the dif-
fusion factor (0.35) and figure 23(a) yield a value of (0.025) for the
loss parameter (_' cos _)/2_, and

= - - = s6.9 - 10.9 = 46.0°

cos _ = 0.6947

Therefore,

_, = 20" = 0.025x2
2o cos IB_ O. 6947

- 0.072

(6) For a negligible change in radius across the blade element, the

following values can be found from figures 24 and 25:

P2 P2

--F=PI 0.962 _ad = 0.87 p--_= 1.31

The preceding example has been carried out for a typical transonic

rotor blade section. A similar procedure can be used for stator blade

sections when adequate blade-element data become available.

O
oD

_o

Summary Remarks

The foregoing procedures and data apply only to the reference point

(i.e., the point of minimum loss) on the general loss-against-incidence-

angle variation for a given blade element. The reference minimum-loss

incidence angle, which was established primarily for purposes of analysis,

is not necessarily to be considered as a recommended design point for com-

pressor application. The selection of the best incidence angle for a par-

ticular blade element in a multistage-compressor design is a function of

many considerations, such as the location of the blade row, the design

Mach number, and the type and application of the design. However, at

transonic inlet Mach number levels_ the point of minimum loss may very

well constitute a desired design setting.

At any rate, the establishment of flow angles and blade geometry at

the reference incidence angle can serve as an anchor point for the deter-

mination of conditions at other incidence-angle settings. For deviation-

angle and loss variations over the complete range of incidence angles,

reference can be made to available cascade data. Such low-speed cascade

data exist for the NACA 65-(Alo)-series blades (ref. 25).
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It is recognized that many qualifications and limitations exist in

the use of the foregoing design procedure and correlation data. For best

results, the application of the deduced variations should be restricted

to the range of blade geometries (camber, solidity, etc.) and flow condi-

tions (inlet Mach number, Reynolds number_ axial velocity ratio, etc.)

considered in the analysis. In some cases for compressor designs with

very low turning angle, the calculated camber angle may be negative. For

these cases it is recommended that a zero-camber blade section be chosen

and the incidence angle selected to satisfy the turning-angle require-

ments. The data used in the analysis were obtained for the most part

from typical experimental inlet stages with essentially uniform inlet

flow. Nevertheless, such data have been used successfully in the design

of the latter stages of multistage compressors. It should also be remem-

bered that the single curves appearing in the deduced variations repre-

sent essentially average or representative values of the experimental

data spread. Also, in some cases, particularly for the stator, the avail-

able data are rather limited to establish reliable correlations. Consid-

erable work must yet be done to place the design curves on a firmer and

wider basis. The design procedures established and trends of variation

determined from the data, however, should prove useful in compressor
blade-element design.
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APPENDIX

EQUATIONSFORBLADE-ELEMENTEFFICIENCY

By definition, for a complete stage consisting of inlet guide vanes,
rotor, and stator, the adiabatic temperature-rise efficiency of the flow
along a stream surface is given by

P2 P2 P2 Y
(_T _ i

--_Js_ v

qad, ST = _--T(._) T(T__)
- 1 - 1

ST R

(AI)

From the developments of reference 26 (eq. (B8) in the reference), the

absolute total-pressure ratio across a blade row P2/PI can be related

to the relative total-pressure ratio across the blade row PB/PI accord-

ing to the relation

___v:/(_I:-:

\ lad

where (P_/Pi)id is the ideal (no loss) relative total-pressure ratio.

The relative total pressure is also referred to as the blade-row recovery

factor. For stationary blade rows, (i.e., inlet guide vanes and stators),

(P2/Pl)id is equal to 1.0. For rotors, the ideal relative total-pressure

ratio (eq. (B4) of ref. I0) is given by

( [ r::]):, :-(:\ lad
(A3)

in which MT is equal to the ratio of the outlet element wheel speed to

the inlet relative stagnation velocity of sound (0mr2/aa, l) , and (rl/r2)
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is the ratio of inlet to outlet radius of the streamline across the blade

element. (For a flow at constant radius (cylindrical flow), (P_./Pl)id

is equal to 1.0.) Thus, from equations (AI) and (A2),

vu0v{_

l _
{__y_(_q| _

- k_-i=/R\Pi£
(A4)

For the rotor alone, the blade-element efficiency is given by

"-I

Y

i/R

= (A_)

_ad,. (_)R_ 1

- 1

From equation (B3) of reference i0, the loss coefficient of the

rotating blade row (based on inlet dynamic pressure) is given by

p'i/id

\P{/

i- P_l)
_-' id

r__

+n__(M{)

(A6)

For any blade element, then, from equation (A6)
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The relations presented in equations (A%); (AS), and (A7) indicate

that four quantities are required for the determination of the blade-

element efficiency across the rotor or stage: the rotor absolute total-

temperature ratio, the reiative total-pressure-loss coefficient (based

on inlet dynamic pressure), the relative inlet Math number, and the

ideal relative total-pressure ratio. Thus; the blade-element efficien-

ties for a given stage velocity diagram can be calculated if the loss

coefficients of the blade elements in the various blade rows can be

estimated.

For simplicity in the efficiency-estimation procedure, effects of

changes in radius across the blade row can be assume& small (i.e.,

r I = r2) , so that the ideal relative pressure ratio is equal to unity.

Then, equations (Ad), (AS), and (AT) become, respectively,

_3

Nad 3ST = T/.\

1

1

and

r-_A

Bad;R <T_)R - i
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For purposes of rapid calculation and preliminary estimates, the

efficiency relations are expressed in chart form in figures 24 to 26.

The relation among relative recovery factor, blade-element loss coeffi-

cient, and inlet Mach number (eq. (AlO)) is presented in figure 24. A

chart for determining rotor blade-element efficiency from relative recov-

ery factor and absolute total-temperature ratio (eq. (A9)) is given in

figure 25. Lines of constant rotor absolute total-pressure ratio are

also included in the figure. Figure 26 presents the ratio of stage effi-

ciency to rotor efficiency for various stator or guide-vane recovery

factors. The ratio of stage efficiency to rotor efficiency is obtained

from equation (A1) in terms of rotor absolute total-pressure ratio as

y-1

ov,,Ais]- 1
- (All)

11ad,R

R 1

The charts are used as follows: For known or estimated values of

rotor total-pressure'-loss coefficient _' and relative inlet Mach number

M i of the element, the corresponding value of relative recovery factor

P_/PI is determined from figure 24. From the value of rotor-element

absolute total-temperatur e ratio T2/T 1 (obtained from calculations of

the design velocity diagram) and the value of (P_/PI) obtained from fig-

ure 24_ the rotor-element efficiency is determined from figure 25. Rotor

absolute total-pressure ratio can also be determined from the dashed

lines in figure 25.

If inlet guide vanes and stators are present, the respective recov-

ery factors of each blade row are first obtained from figure 24. The

product of the two recovery factors is then calculated and used in con-

junction with the rotor absolute total-pressure ratio in figure 26 to

determine the ratio of stage efficiency to rotor efficiency. A simple

multiplication then yields the magnitude of the stage efficiency along
the element stream surface.
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The charts can also be used to determine gross or mass-averaged
efficiencies through the use of over-all loss terms. Furthermore, the
charts can be used for the rapid determination of relative total-pressure-
loss coefficient from knownvalues of efficiency_ pressure ratio, and in-
let Machnumberon an element or gross basis.
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Description]Outer IHub-

!diameter,!tip
1 -

Rotor

Stator

Rotor

Rotor

Rotor

Stator

Rotor

Rotor

Rotor

Stator

Rotor

Rotor

Rotor

Rotor

14 0.5

14 .55

30 .80

14 .50

14 .50

14 .52

14 .50

14 .50

14 .50

14 ,55

14 .80
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14 .80

15

16

17
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2O
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Rotor

Rotor

Rotor

Rotor

Rotor

Rotor

Stator

Stator

14

18

14

14

14

14

17.56

17.36

0.4

.5

.5

.5

.5

.5

.6;

.6f

TABLE I. - DETAILS OF SINGLE-STAGE ROTORS AND STATORS

Rotor

tip speed,

ft/sec

Inlet Mach Camber angle,

number, _, deg

Mi

552,828,994

1104,1214

552,1104

504,672,840

1104,1214

557,743

371,557,745

546

552,828,1104

552,828,1104

1214

412,617,825

669,755,856

669,755,836
669,755,856

600,756,874

Hub I Tip

Chord,

C, in.

Hub I Tip

65-Series olade section

600,800,1000

1050

600,700,800

900,1000

600,800,900

i000

800,900

800,900,1000
1120

800,900,1000

1120

600,800,900

800,1000

0.50-0.75

.26- .75

.56- .70

.60- .80

.39- .72

.22- .66

.55- .56

.50- .86

.50- .76

Solidity,

0

Hub I Tip

.25- .74

.52- .75

.49- .75

.49- .75

.50- .92

Blade-chord

angle, 7 °,

deg

Hub I Tip

Blade maximum

thickness-

chord ratio,

t/c

j Hub I Tip

19.9 15.3 1.51 1.31 1.010 0.590 30.8 58.4 i0 I0

50.1 50.I 1.51 1.S1 .996 ,620 19.5 45.9 l0 i0

50.1 30.1 2.90 2.90 1.08 .906 28.8 45.9 i0 I0

"50.i 30.1 1.51 1.51 1.010 .590 21.1 56.0 iO I0

50.i 50.i 1.31 1.31 .962 .608 15.2 52.0 I0 i0

50.i 50.i 1.51 1.31 .993 .651 1612 52.2 i0 iO

40.0 23.9 1.31 1.51 .955 .600 21.0 58.0 i0 l0

40.0 25.9 I.SI 1.51 .955 .600 21.0 58.0 i0 i0

40.0 25.9 1.51 1.51 .955 .600 21.0 58.0 i0 l0

I
50.1 50.i 1.S1 1.51 .970 I .587 15.1 59.6 lO i0

45.2 54.1 1.55 1.55 .825 I .692 21.4 55.4 6 6

45.2 34.1 1.55 1.55 1.12 I .945 21.4 55.4 6 6
45.2 54.1 1.35 1.55 1.69 [;1.55 21.4 55.4 6 6

50.5 19.4 1.46 1.82 1.20 11.20 42.5 48.8 i0 8
, , I ,

Circular-arc blade section

0.33-1.06 40.3 11.4 2.00J2.00 1.77810.965 12.1 46.7 8 5

.58-i.07 28.5 7 1.5 Ii.5 1.65 1.05 25.6 46.3 I0 6

.57-i.17 29.4 15.7 2.0912.52 1.28 1.04 25.0 44.I 8 I 5

.55-1.12 29.4 13.7 2.0912.52 .85 .66 23.0 44.1 6 1 5

.50-1.22 23.1 4.3 1.5011.50 1.40 .825 17.4 51.5 i0 5

.4 - .82 23.1 4.5 1.5011.50 1.40 .825 17.4 51.5 i i0 5

.41- .65 52.0 52.0 3.2515.25 1.64 1.07 I0.0 i0.0 I 7 7

.53- .86 20.6 20.0 2.6615.23 1.45 1.08 34.0 28.0 1 8 6
I
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29
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Figure 1. - Compressor blade elements shown along conical surface of revolution

about compressor axis.
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CHAPTER VIII I

_d

DESIGN VELOCITY DISTRIBUTION IN MERIDIONAL PLANE

By Charles C. Giamati, Jr._ and Harold B. Finger

SU_WARY

A discussion is presented of the general flow equations and methods

to be used in determining the radial distributions of flow in the me-

ridional (hub-to-tip) plane of an axial-flow compressor when the required

performance is specified. The problem of determining the radial distri-

butions of flow is simplified by considering conditions at axial stations

between blade rows where nonviscousj axisymmetric flow equations are

applied. The analysis presumes the availability of blade-element data on

deviation angle and on stagnation-pressure loss for all design techniques.

Methods for considering the effects of wall boundary layers on required

annulus area and mass-averaged stage performance are presented. A sample

stage design calculation is given.

INTRODUCTION

The design of a multistage axial-flow compressor consists in the

successive design of several individual rotor and stator blade rows which

are then compounded to form the multistage compressor. As pointed out in

the general compressor design discussion of chapter IIl (ref. i), the prob-

lem of blade-row design has been simplified by considering the flow in each

of two planes, the hub-to-tip or meridional plane and the blade-to-blade or

circumferential plane. The meridional-plane solution determines the radi-

al distribution of flow conditions assuming that axial-symmetry conditions

apply; and the circumferential-plane solution determines the air-turning

characteristics through the blade element. A quasi-three-dimensional de-

scription of the actual flow is then obtained by juxtaposition of these

two solutions.

The results of experimental blade-to-blade investigations are de-

scribed in chapters VI and VII. These chapters present circumferentially

averaged blade-element performance characteristics as determined from two-

and three-dimensional cascades, respectively. The blade-element per-

formance is presented in terms of incidence angle, deviation angle_ and
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stagnation-pressure loss as functions of cascade geometry, inlet Mach num-

ber 3 and (for three-dimensional cascades) radial position in the blade

row.

The present chapter discusses the general flow equations and presents

methods to be used in determining the radial distributions of flow in the

meridional plane. The problem of determining the radial distributions

of flow is simplified by considering conditions only at axial stations

between blade rows. In these regions_ equations for nonviscous axisym-

metric flow are applied to determine the design flow distributions when

the required performance (weight flow and turning or energy addition) of

the blade row is specified.

Since the calculation involves the determination of the velocities

from the inner wall to the outer wall of the annular flow area, it is

apparent that some consideration must be given to the boundary-layer

accumulation on these walls. The most accurate and complete procedure

requires a knowledge of the distribution of entropy from wall to wall as

well as a knowledge of the rotor energy input across the entire annulus

area including the boundary-layer region. Since complete data for this

type of calculation are not currently available_ simpler design techniques

are required. Essentiallyj these simpler techniques involve computing

the flow variables as if no wall boundary layer existed. Boundary-layer

correNtion factors are then applied to determine the required geometric

annulus area and mass-averaged stage performance (efficiencyj tempera-

ture rise 3 and pressure ratio).

Since the determination of the flow conditions and annulus area con-

figuration after each blade row in the compressor requires solution of

the fundamental flow equationsj the first part of this chapter is concerned

with the development of the general flow equations. The assumptions and

simplifications that are made to permit solution of the equations are

then discussed. The equations are applied to determine the design ve-

locity distribution in the meridional plane after a blade row. The nec-

essary boundary-layer correction factors are indicated. In addition 3

the selection of design variables is discussed. A numerical example is

then carried out with the equations and methods presented.

A F

a

SYMBOLS

The following symbols are used in this chapter:

frontal areaj sq ft

speed of sound, ft/sec
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-.]

curvature of merldional streamline 3 ft -I

Cp specific heat at constant pressure, Btu/(lb)(°R)

D diffusion factor

f blade force acting on gas, lb/lb

g acceleration due to gravity_ $2.17 ft/sec 2

H total or stagnation enthalpy, Btu/ib

J mechanical equivalent of heat_ 778.2 ft-lb/Btu

Kbk weight-flow blockage factor

Ke energy-addition-correction factor

Kp pressure-correction factor

efficiency-correction factor

M Mach number

n polytropic compression exponent

P total or stagnation pressure, lb/sq ft

p static or stream pressure, lb/sq ft

Q external heat added to gas, Btu/(lb)(sec)

R gas constant, 53.3S ft-lb/(lb)(°R)

r radius, ft

r_ radius of curvature of streamline in meridlonal plane, ft

S entropy, Btu/(ib)(°R)

T total or stagnation temperature, OR

t static or stream temperature, oR

U rotor speed, ft/sec

u internal energy, Btu/ib
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V air velocity 3 ft/sec

w weight flow 3 ib/sec

z coordinate along axis, ft

air angle, angle between air velocity and axial direction,

deg

y ratio of specific heats

5 ratio of total pressure to NACA standard sea-level pressure of

2116 Ib/sq ft

8" boundary-layer displacement thickness, ft

angle between tangent to streamline projected on meridional plane

and axial direction, deg

efficiency

e ratio of total temperature to NACA standard sea-level tempera-

ture of 518.7 ° R

v kinematic viscosity, sq ft/sec

p density, Ib-sec2/ft _

solidity, ratio of chord to spacing

time

@ viscous dissipation of energy, Btu/(cu ft)(sec)

work-done factor

angular velocity of rotor, radians/sec

total-pressure-loss coefficient

Subscripts:

a

ad

av

d

stagnation conditions

adiabatic

average

design value neglecting wall boundary layer



NACARME56BO3a 161

!

_O

h

i

id

m

m.a.

P

R

r

S

ST

t

Z

0

0

1

2

3

hub

reference position, radial station where variables are known

ideal

meridional

mass-averaged value

polytropic

rotor

radial direction

stator

stage

tip

axial direction

radial design stations at i0, 30j 50, 70, and 90 percent of

blade height from tip, respectively

tangential direction

station ahead of guide vanes

station at rotor inlet

station at stator inlet

station at stator exit

Superscript:

' relative to rotor

STATEMENT OF DESIGN PROBLEM

Specification of Compressor Performance and Configuration Requirements

The design of the axial-flow compressor begins with the determina-

tion of the over-all performance specifications obtained from the over-all
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engine and airplane requirements. In general I the engine inlet-air con-
ditions (pressure, temperature3 and density), engine thrust 3 engine air
flow, turbine-inlet temperature_ and compressor pressure ratio are fixed by
cycle and flight-plan analyses such as are discussed in chapter II (ref.
1). The compressor-inlet hub-tip diameter ratio, the componenttip diame-
ters, the compressor rotational speed, the compressor-inlet axial velocity,
and the compressor-discharge velocity are then determined considering the
compressor efficiency3 turbine stresses, compressor stresses 3 performance
of the various components, engine weight 3 and engine space limitations in
the airplane. The interrelation of someof these factors (compressor air
flow per unit frontal area3 compressor pressure ratio, rotational speed_
turbine size, and turbine stresses) is discussed in reference 2. It
should be emphasizedthat a large numberof compressor configurations are
possible for given over-all performance requirements. The choice of a
given configuration is based on a compromiseamongthe various performance
and geometric parameters. This compromisedepends in turn on the intended
use of the engine.

5O
5O

Flow and Geometry Conditions to Be Determined

The design procedure involves an iterative solution of the flow

equations after each blade row. Thus, the flow conditions and hub and

tip diameter after the first blade row must be calculated from the known

inlet and the specified design conditions. The blade-element loadings

and Mach numbers selected must be consistent with the attainment of low

loss as indicated by the loss data presented in chapters VI and VII. The

resulting flow must also be acceptable to the following blade row. After

a satisfactory solution for these conditions has been found 3 the resulting

flow distribution after the blade row becomes the inlet condition for the

following row. The flow conditions and geometry of the second blade row

are then determined. The same procedure is repeated all through the

machine until the desired over-all pressure ratio and discharge velocity

are obtained.

When the flow conditions have been calculated after a given blade

row, the blade sections may be selected to give the desired air turning or
the desired blade work. The incidence- and deviation-angle data correlated

in chapter VII may be used to assist in this selection. Some consideration

of off-design performance may be required in the selection of blading. In

addition, the loss correlations that are presented in chapter VII enable

the designer to reestimate the originally assumed blade-element losses for

the particular blade configuration selected. These reestimated loss data

are then used to recalculate the flow distribution after the blade row

by the methods of the present chapter.
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C_

GENERAL EQUATIONS

The basic equations that apply to the general case of the flow of a

real compressible fluid through a turbomachine can be formulated from the

conservation laws of matter 3 momentum 3 and energy 3 along with the thermo-

dynamic equation of state. As pointed out in reference 3, these general

basic equations of the flow can be stated as follows:

The equation of state for a perfect gas:

p = gpRt (I)

The energy equation:

@Q÷- (2)
D--_+ p D_ = p

The continuity equation:

+v.(pV)= 0 (3)

The Navier-Stokes equation:

g__ i Vp + v 2(V) +g
DX p

(4)

Basic Assumptions

The simplifying assumptions usually made in the treatment of the

problem of flow through axial-flow compressors are as follows:

(i) The general flow equations are applied only to compute flow dis-
tributions between blade rows where blade forces are nonexistent.

(2) The flow is assumed to be steady and axially symmetric. The

theoretical significance of this assumption is discussed in chapter XIV

(ref. 4). However, when blade-element data including some of the effects

of unsteady asymmetric flow conditions are used in calculating the veloc-

ity distributions, the errors introduced by this assumption are expected

to be small.

(3) The local shearing effects of viscosity (between blade rows) are

neglected by dropping the viscosity terms in the flow equations. However 3

the accumulated effects of upstream viscous action in increasing entropy

are considered by use of experimentally determined blade-element
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performance. Empirical corrections are also made when required for wall

boundary-layer effects on required flow area and mass-averaged energy

addition and efficiency.

(4) Heat transfer is neglected.

Simplified Flow Equations

As a result of the preceding assumptions and the use of the defini-

tion of entropy, the general flow equations may be combined and restated

as follows :

Jg(H 2 - HI)= co_rVs) 2 - (rVS)l] = (UVs) 2 - (UVs) 1 : Jgcp(T 2 - TI)

(5)

v( V) = o

JgVH = JgtVS + V×(V×V)

(6)

(7)

Equation (5) relates the change in stagnation enthalpy along a

streamline at axial stations ahead of and behind a rotor blade row to

the change in angular momentum and the angular velocity of the wheel.

Of course, the stagnation enthalpy is constant along a streamline passing

through a stator blade row if it is assumed that the heat transfer from

streamline to streamline is negligible.

Equation (6) states the law of conservation of matter, which, for

application to compressor design, may be expressed as

rt;lw I = 2_g PlVz,lrl dr I = w 2

0 rh, l

(8)

This equation will be discussed in detail in a later section with refer-

euce to boundary-layer blockage corrections and with reference to applica-

tion of the flow equations in the design procedure.

Equation (7) is referred to as the equilibrium equation for the

fluid between the blade rows.

_O

SOLUTIONS OF EQUILIBRIUM EQUATIONS

The equations presented in the preceding section may be solved in

several ways within the assumptions stated. Most of these solutions

differ only in the simplifications made in the equilibrium equation

(eq. (7)).
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Since the design methods presented here are concerned with finding
the radial variation of flow at a specified axial station, the radial
componentof equation (7) is applicable. For the assumedaxially symnet-
ric flow between blade rows3 this componentequation is

8Vz _Vr_T _S _Ve V_ + Vz _ VzJgcp_ = Jgt _-_+ Ve-_-_ + _- _ (9)

As in the method of reference 5, it has generally been assumed in

design applications that the meridional velocity Vm = + Vr is

given by the axial velocity V z and that 8Vr/SZ = O. Such a condition

(generally referred to as the "simpllfied-radial-equilibrium" condition)

has been successfully used in low-aspect-ratio and lightly loaded blade-

row designs. However, a less restricted design solution may be necessary

for high Mach number, highly loaded designs. Several analyses (refs. 3

and 6 to 9) have been made to determine the factors influencing the

meridlonal velocity distribution. The analysis of reference 3 considers

the effect of the radial motion resulting from veloclty-dlstribution

changes through a blade row and evaluates the magnitude of this effect

for several cases by assuming that the air flows through the compressor

along sinusoldal streamlines. The analyses of references 6 and 7 for

incompressible flow also consider the effects of radial motion due to

veloclty-distribution changes through the compressor. These analyses

consider the effects of the velocity induced by the gradients in circula-

tion or vorticity along the blade on the velocity distribution ahead of

and behind the blade row. The procedure permits evaluation of the mutual

interference effects of blade rows in the multistage compressor. These

analyses neglect the radial motion due to the blade blockage resulting

from blade thickness variations. Reference 8 presents a simplified analy-

sis of the effect of the radial variation of blade thickness on inlet ve-

locity and incidence-angle distributions. This analysis also assumes

axial symmetry but makes a correction in the flow continuity relation for

blade thickness. In general, the higher the inlet Mach number 3 the greater
the variation in the axial velocity from hub to tip.

All the preceding investigations neglect the effects of gradients of

entropy on radial distributions of velocity and therefore are not directly

applicable in regions of high loss. Reference 9 applies experimental

data to determine the relative magnitudes of the effects on velocity dis-

tributions of the entropy-gradient term for a wide variety of axial-flow-

compressor blade rows. Although vast differences generally exist in the

shapes of the velocity distributions in the inlet and the outlet stages

of the multistage compressor, essentially the same techniques (assuming

a knowledge of the entropy distribution across the annulus) can be used

to calculate the velocities. Consideration of the entropy gradients was

particularly necessary in the rear stages, where the accumulated effects
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of viscosity noticeably affected the velocity distribution. On the other
hand, the complete radial acceleration term appeared to be significant
for the highly loaded inlet stages investigated, where the wall curva-
tures were large.

The following discussion presents the various forms of the radial-
equilibrium equation that maybe used in the compressor design procedure.

Simple-Radial-Equilibrium Equation Neglecting Entropy Gradients

The simplest solution of the radial-equilibrium equation (eq. (9)),
usually referred to as the "simple-radial-equilibrium solution," has
been widely used in compressor design. It is arrived at by assuming
(i) that the derivative of Vr with respect to z is zero, and (2) that
the derivative of S with respect to r is zero. These assumptions are
made, of course, only at the fixed value of z. The resulting equation
is

3T 3Ve _ 8Vz
Jgcp _ = Ve-_ +-_- + Vz -_ (i0)

which is referred to herein as the "isentropic-simple-radial-equilibrium"
or "isre" equation. In this case3 "isentropic" refers simply to the con-
dition of radially constant circumferentially averaged entropy within the
space between blade rows outside the boundary layers. Thus, the entropy
of the flow maystill change through the blade row.

Equation (i0) maybe integrated between any two radial positions in
the free-stream region of the annular flow area at an axial station be-
tween blade rows. For purposes of a design procedure, it is most con-
venient to integrate between somereference radius# at which the dependent
variables are knownor assumed#and the other radial positions. The re-
sulting integrated form of the isre equation is

r 2V_Vz2_ Vzsi2= 2gJcp (T - Ti) - (V_ - V_,i) - --r dr (ll)
r i

2 _ V2The radial variation of axial velocity or Vz z_i at the blade-row
outlet is obtained by prescribing either the stagnation-temperature or
tangential velocity distribution after the blade row. These two parame-
ters (stagnation temperature and tangential velocity) are related by equa-
tion (5) for the knownflow conditions at the inlet of the blade row.
As will be shownlater, the value of the reference axial velocity Vz, i

_O
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(n

is assigned and the mass continuity condition is applied to determine the

required annulus area. For those cases in which the annulus area is

specified 3 the reference velocity is determined by application of the

continuity relation.

A series of charts is presented in chapter IX to permit rapid so-

lution of equation (ll).

Simple-Radial-Equilibrium Equation Considering

Radial Gradients of Entropy

The major effect of upstream viscous action is manifested by an in-

crease in the entropy of the flow. The major effects of viscosity on the

axial velocity distribution are 3 therefore 3 accounted for in the radial-

equilibrium equation through the use of the term involving the radial

gradients of entropy. Thus 3 the equation presented here is obtained from

equation (9) by assuming only that the derivative of the radial velocity

V r with respect to the axial distance z is zero. Equation (9) then

becomes

8T 8S 8V e V_ + Vz 8V z
Jgcp_rr = Jgt _ + Ve-_- _ +_- (12)

Equation (12)3 hereinafter referred to as the "nonisentropic-simple-

radial-equilibrium" or "nisre" equation 3 may be integrated between two

radial positions at an axial station between blade rows to give

Vz2_ :2 jCp(T- -(v[-v[,i)-2 7 dr- 2JgR t ;r
ri

_dr

(13)

The nisre equation can be solved in the same manner as the isre

equation, except that the entropy term must be evaluated. By the defini-

tion of stagnation conditions 3 stagnation entropy is identically equal to

static entropy at any given point. Therefore 3 the change in the entropy

along a streamline from the inlet to the outlet of a blade rowmay be
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expressed as

_
(_y-1
T1/

½

In the design procedure 3 the temperature rati6 is assumed or is deter-

mined from a specified variation in tangential velocity by use of equa-

tion C5). The stagnation-pressure ratio may be related to the stagnation-

temperature ratio in terms of either a polytropic blade-element efficiency

_p3 or a stagnation-pressure-loss coefficient _.

When the polytropic efficiency or polytroplc compression exponent

is used, the stagnation-pressure ratio is given by

t--

_9

_p_
r-i n-i

h
(15)

The blade-element dataof chapters Vl and VII present the blade-

element loss in terms of _. When these data are used_ it is more

convenient to express the stagnation-pressure ratio across the blade

element in terms of _ stagnation-temperature ratio, and inlet-air

Mach number relative to the blade element. The expression for pressure

ratio is restated from chapter VII as

where

P1 \Pl/id

(16)

T

[,(_ = .,--1C_.)_
\Pi/id + 2 ygRT I - r_/]

This equation holds for both rotor and stator when the appropriate in-

dices are used.
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C_
-.4

The ideal relative pressure ratio (P2/P1)id can be taken equal to

1.0 for those cases in which the variation in the streamline radius

across the rotor is negligible, a condition obtained in high hub-tip

ratio or lightly loaded blade rows.

For convenience in the design procedure 3 any upstream station at

which the entropy is essentially constant radially - for example 3 the

compressor-inlet station 0 - is used as the reference station. There-

fore_ the radial variation of entropy is, from equation (14)_

J

\

0/
P2

(17)

The static temperature appearing in the second integral of equation

(13) can be expressed in terms of the velocity components and stagnation

temperature as follows:

2Vz
Jgcpt : JgcpT 2 2 2 (18)

For the simplified-radial-equilibrium solutions_ the radial velocity

term is neglected in equation (18). In general, this V r component

can be neglected in the stages with high hub-tip ratio without introduc-

ing significant errors in static temperature. In the stages with low

hub-tip ratio (where wall slopes may be large), however_ V r may have to

be considered in this equation by estimating a streamline slope in the

meridional plane and expressing Vr as a function of V z and this slope.

Radial-EquilibriumEquation Considering Radial Accelerations

As pointed out in the previous discussions on the simple-radial-

equilibrium equations 3 high hub-tip radius ratio and lightly loaded blade

rows have been successfully designed by assuming that the meridional ve-

locity Vm is equal to the axial velocity V z and that the gradient of

radial velocity V r along the axial direction is zero. In this case 3

the radial gradient of static pressure is

dp
dr r
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However3 for high-aspect-ratio3 highly loaded stages3 the effects
of streamline curvature becomesignificant. In this case3 the contribu-
tion of the radial acceleration of the meridional velocity to the pressure
gradient in the radial direction must be considered. The radial gradient
of static pressure for this general case of curved streamline flow maybe
stated as

dp _ + Vmcos ¢

T-

where the angle _ is the angle of the streamline with respect to the

axial direction, and r_ is the radius of curvature of the streamline.

An accurate determination of the radius of curvature of the stream-

line and the slope of the streamline (which determines the angle 6)

requires a knowledge of the shape of the streamline through the blade

row. The streamline configuration is a function of the annular-passage

area variation 3 the camber and thickness distribution of the blades in

the radial and axial directions_ the blade forces existing within the

blade row_ and the flow angles at inlet and discharge of the blade row.

Because the effects of radial acceleration have been small in conventional

subsonic-compressor designs_ very little information is available con-

cerning the relative importance of each of these variables in determining

the effects of radial accelerations in the highly loaded designs now being

studied. The usefulness of several methods that hate been proposed for

evaluating these radial accelerations hasj therefore_ not yet been

established.

Several analyses_ such as the work of references i0 and ll_ have

been applied to determine velocity distributions throughout the flow

field in high-solidity mixed-flow compressors and axial-flow turbines.

These procedures require estimation of a streamline-orthogonal flow sys-

tem through the blade row. The distribution of velocity along the or-

thogonal is then determined from the known inlet conditions_ a mean air-

turning variation along each streamllne3 and a blade thickness variation

along each streamline. Since this method requires estimation of the

streamlines as well as a knowledge of the blade conflguration3 it is ap-

parent that it becomes an iterative solution.

An approximate evaluation of the radial acceleration term is also

made in reference 5 by assuming the streamline shape to be sinusoidal.

A similar technique for evaluating the effect of radial accelerations is

applied in reference 12. The analysis of reference 3 further assumes

that the product of the radial velocity at a given axial station between

blade rows and the axial gradient of axial velocity is negligible and

that the slope of the streamlines at this axial station is zero. There-

fore 3 for the assumptions of reference 5, the last term (the radial-flow

_D
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O
O

f

term) of equation (9) may be expressed as

Results obtained with this procedure are shown in reference 13 to agree

with results obtained from the general three-dimenslonal-flow solution

described in reference 14 for a single-stage nontapered-passage
compressor.

In addition to the preceding analyses 3 which attempt to consider the

effects of the blades on the streamline configuration through the blade

rowj several analyses_ such as the work of references 15 to 17, present

methods of estimating the effects of radial velocity and curvature terms

from simplified calculations of the flow only between blade rows. In

these solutions_ a set of smooth streamlines is estimated through the

compressor stage on the basis of the velocities calculated between blade

rows. It is apparent that these methods do not consider the effects of

the blade thickness and camber distributions and the effects of the blade

forces on the streamline curvature.

In view of the present meager knowledge of the effects of the various

design parameters on the radial acceleration terms in the general flow

equations 3 it seems reasonable to use the simpler methods of accounting

for these effects as stop-gap design measures. In addition 3 it may be

desirable at the present time to try to alleviate the conditions leading

to large radial accelerations. In the case of highly loaded designs

having high aspect ratios_ one technique for reducing the effects of ra-

dial accelerations is to taper the tip of the compressor inward so that

the hub curvature is reduced. Definitive experimental and analytical work

is still required to evaluate the various techniques that have been sug-

gested for computing velocity distributions including the effects of ra-
dial accelerations.

CONSIDERATION OF WALL BOUNDARY-LAYER EFFECTS

The equilibrium equations that must be solved in determining the
meridional distribution of flow conditions between blade rows in the

axial-flow machine were discussed in the preceding section. When the

simple-radial-equilibrium equations are suitable 3 a procedure similar to

the following is required to execute a blade-row design if the inlet con-

ditions are given:

(i) The tip radius at the blade-row discharge is specified.
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(2) The axial and tangential velocities at the tip radius after the
blade row are assumed. These values must be consistent with the con-
siderations for low losses and compatible with the requirements of the
following blade row.

(3) The radial distribution of tangential velocity after the blade
row is specified.

(4) The radial distribution of energy addition in the blade row is
determined from the knowninlet conditions and the specified distribution
of tangential velocity by use of equation (5).

(5) The radial distribution of loss andj therefore 3 entropy is as-
sumedbased on blade-element data taken in a similar flow environment.

(6) The radial distribution of axial velocity is calculated.

(7) The radial distributions of all other flow properties are
calculated.

(8) The continuity condition is used to calculate the hub radius from
the known tip radius and mass flow and the calculated distributions of
axial velocity and density.

Whenthe radial acceleration terms associated with streamline curva-
ture becomesignificant_ this procedure maybe considered as an initial
step in the design system. It then becomesnecessary to recalculate the
radial distributions of axial velocity and other flow properties (items
(6) and (7)) and to determine a newhub radius (item (8)).

This technique is referred to as method I. The critical information
in this solution is the radial distribution of loss or entropy from wall
to wall. Figure I illustrates a form of the entropy distribution that
might be encountered after a blade row in a compressor. The large rise
in entropy at the end walls results from the losses in the wall boundary
layers. Across the major portion of the flow passage_ the entropy varia-
tion is illustrated as being relatively small. It must be emphasizedthat
(as indicated in ref. 9) somecases have been encountered where the
variation of entropy is large even in the main stream. In any case_ the
"nonisentropic" equations can be applied to determine the velocity dis-
tribution even into the boundary layers if meansof predicting the
entropy distribution are available. This procedure would be a direct
process near the tip_ since the tip radius is specified. Near the hub_
howeverj the entropy and other flow properties could not be determined
until after the hub radius is known. Therefore_ iteration procedures
must be used near the hub for this complete solution. The distribution of
flow properties and the annulus area determined from these procedures
then permit calculation of the mass-averaged energy addition_ pressure
ratio_ and efficiency for the stage.
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It isj of course 3 apparent that the determination of the entropy

distribution from wall to wall for all the possible design velocity dia-

grams_ blade-row geometries 3 and locations in the multistage compressor

would require very extensive tests of many different compressors. Such

detailed information requires the analysis of much more multistage-

compressor data than are currently available. Substitute techniques for

the determination of the annulus area after the blade row and the mass-

averaged efficiency 3 energy additionj and pressure ratio have therefore
been used.

One such technique (referred to in this report as method II) involves

dividing the flow passage into three parts 3 the tip boundary layer 3 the
mainstream region 3 and the hub boundary layer. In the process of solu-

tion of the equations 3 the wall boundary-layer regions are actually

treated as one region. The velocities across the annulus are computed

by the previously itemized procedure assuming that no wall boundary layer
exists. The entropy distribution used in the determination of the ve-

locities is obtained from the blade-element loss data presented in chap-

ter VII. If, as is illustrated in figure l, the entropy gradient is

small in the main stream_ then the velocity distribution may be computed

using the isre equation (eq. (10) or (ll)). If the blade-element loss

data indicate a large variation of entropy in the main stream_ then the

nisre equation (eq. (12) or (13)) must be used to determine the velocity
distributions.

The effects of the wall boundary layers on the required annulus area

and on the mass-averaged energy addition 3 pressure ratio 3 and efficiency

are determined in method II from the velocity distributions calculated

assuming appropriate "gross" correction factors and the absence of wall

boundary layers. Although the evaluation of these gross correction

factors will also require extensive compressor testing and analysis 3 it

is anticipated that the general correlations with velocity-diagram pa-

rameters and environment may be more readily attainable than those for

the detailed entropy distributions in the boundary layers. In addition_

indications of the magnitudes of these gross correction factors may be

obtained from comparisons of design and measured velocities in the main-

stream region.

The general effects of wall boundary layers on rotor performance are

indicated in figure 2. This figure is an example of a design that has

been worked out for constant mass flow (fig. 2(a)) and energy addition

(fig. 2(b)) along the radius without considering the effect of the end-

wall boundary layers. The isre solution was used to determine the ve-

locities across the annulus from the specified energy addition (fig.

2(b)) 3 assuming that the stagnation-pressure loss was constant along the

radius (fig. 2(c)) and that the effects of the wall boundary layers could

be neglected. For such a design 3 the conditions that might be measured

in the flow annulus when the mainstream flow conditions are the same as
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the design conditions are indicated by the dashed curves. It is apparent

that the integrated weight flow is less than the design weight flow and

the mass-averaged energy addition or temperature rise and the mass-

averaged pressure ratio may differ from the design value. The average

values of mass flow, temperature rise, and pressure ratio are indicated

on the figure as the dot-dash lines. Therefore, three correction factors

are required in method II to account for the presence of the wall bound-

ary layers. An annulus-area correction must be applied to account for the

blockage effect of the wall boundary layer so as to ensure the attainment

of the design weight flow; a temperature-rise factor must be applied to

calculate the mass-averaged energy addition for the blade row at this

design weight flow; and a pressure-ratio factor must be applied to permit

calculation of the mass-averaged pressure ratio.

Another system of correction that has been used extensively involves

specifying the annulus area and adjusting the axial velocity level across

the mainstream region by the continuity equation to ensure the attainment

of the design weight flow. This method of design and correction involves

principally a rearrangement of the previously enumerated design steps.

Other correction factors are still necessary to permit calculation of the

mass-averaged energy addition and pressure ratio.

It must be emphasized thatj in all the techniques described 3 the

velocities across the mainstream region of the annulus area and the an-

nulus area geometry are calculated with blade-element loss or efficiency

data obtained from stages operating in environmental conditions similar

to those of the stage being designed. Such blade-element dataj princi-

pally for inlet stages, are presented in chapter VII.

For those cases where blade-element loss data are not available or

where a general design review of a large number of multistage compressors

is required 3 a blade-row and stage mass-averaged efficiency may be assumed
to determine the total pressure at each blade element from the specified

energy addition. It is assumed in this approach that the blade-element

efficiency is equal to the blade-row mass-averaged efficiency. Although

this is admittedly not an exact approach 3 it has been found to give rea-

sonable design accuracy and serves as an extremely useful tool s especially

as a first roughing-out step in the design procedure. This method is

referred to in the present report as method III. It is described in de-

tail and applied through the use of charts in chapter IX. The method

usually assumes that the correction for determining mass-averaged energy

addition is negligible. A correction is required for wall boundary-layer

blockage in determining the annulus area.

The following discussion is concerned with the boundary-layer cor-

rection factors required in method II for the calculation of the annulus

geometry and the mass-averaged temperature rise and pressure ratio.

_0
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Although only very limited amounts of blade-element data and boundary-

layer correction data are available, it is felt that this method offers

the basis for an accurate design system.
"o

Correction for Welght-Flow Blockage Factor

The correction for weight-flow blockage factor is intended to ensure

the attainment of the design weight flow with the design velocity dis-

tribution over the major portion of the annulus area. Because of the

lack of extensive data on the boundary-layer characteristics in the com-

pressor, an empirically obtained correction factor that is applied as a

gross boundary-layer blockage factor has usually been applied. Although

this empirical correction factor leaves much to be desired, it has been

used successfully in design. This gross blockage factor is designated

by Kbk and is defined by the following continuity equation:

_r rt _rrt [_ )_
w = _g pV z d(r 2) = Kbk_g Vz d(r 2 = _gd

h h

rt-St

h+5_ [PVz d(r2)Sd

(19)

The subscript d refers to design values calculated across the annulus

as if no wall boundary layer were present. In essence, this gross block-

age factor involves the determination of the ideal (no boundary layer)

velocity distribution required to pass a flow greater than the design

flow. For a given value of tip radius, the hub radius is thus decreased

as Kbk is decreased (or boundary-layer allowance is increased).

Very little useful data regarding the best values of blockage factor

are currently available from multistage-compressor investigations. Ref-

erence 15 suggests values of 0.98 for inlet stages and 0.96 for all

others. Some single-stage data indicate blockage factors of 0.96 after

both rotor and stator. These blockage factors are not expected to be the

same for compressors differing in size, axial velocity diffusion, chord

length, and so forth.

Correction Factor for Stagnation-Temperature Rise

Besides 0ccupylng space and thereby affecting the weight flow 3 the

wall boundary layer causes the mass-averaged energy addition or

stagnation-temperature rise to differ from the design value when the main-

stream velocities are equal to the design values. Application of the

blockage-factor correction does not eliminate the need for the temperature-

rise or energy-addition factor in computing the mass-averaged temperature
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rise for the stage from the design velocities. This temperature-rise or
energy-addition factor Ke can be defined by the following equation:

_rt_2 I_ - ll_pVz d(r2)_2

 )ma10:°r  2
_r t32 [pVz d(r2)]2

h32

rt32 TII_ - l_ d(r2)l d
KeKbk

/ 0Vz 2,

Urh22

rt 32Kbk [PV z d(r2)] 23d

_rh_2

_O
_O

- PV'z d(r2 2,d

= Ke _rh_. 2 (20)

_rrt'2 _Vz d(r2)]2,d

h 32

It should be emphasized that the temperature-correction factor is

used only in calculating the mass-averaged energy addition once the design

velocity distributions and the annulus area geometry have been determined

in the design process. It does not influence the design velocity diagram

or the hub radius.

Inmost cases_ the temperature-rise-correction factor is assumed

equal to 1.0. However 3 analysis of limited data taken on the single-

stage rotor of reference 18 indicates that a value of 1.05 for the

temperature-rise-correction factor may be more reasonable. More exten-

sive and precise data are still required.

(0

Correction Factor for Stagnation Pressure

In the design procedure 3 the value of the stagnation-pressure loss

at any blade element in the mainstream region can be estimated from
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the velocity diagram by using the correlation of diffusion factor with
i

presented in chapter VII. This method tends to give a higher mass-

averaged value of stagnation pressure at a blade-row outlet and higher

mass-averaged efficiency than are actually achieved, since consideration

of the wall boundary layer is not completely included in the blade-

element data. Hence, a correction for the wall boundary layer must be

applied in determining the mass-averaged pressure ratio. This pressure-

ratio correction factor Kp can be defined by the following equation:

K bk L  2'r
Jrh _2

2,d

Kbk_ t'2 [PV z d(r2)]2,d.

Jrhj2

+ 1.0

2,d

d

 t,2 I rZi 1
jrh,2 [\P1] - _Vz d(r2)]

ip + 1.0

_rh '2 [PVz d(r2_ 2,

,2

_X_r
]'-i

rE_

(2l)

Limited data on the rotor with 0.4 hub-tip diameter ratio described

in reference 18 indicate that the value of Kp may be approximately 1.0

after a rotor. These data were taken from an inlet-stage rotor where

wall boundary layers were small. Detailed data after stators are not yet
available.

A knowledge of the mass-averaged temperature rise and the mass-

averaged pressure ratio permits calculation of the mass-averaged



178 NACARME56B05a

efficiency by the following equation:

Y-__!

i/m.a. 1

_m.a.

TI_--_"] - 1

\_i/m .a,

(22)

It is apparent that an efficiency correction similar to the temperature-

rise- and pressure-ratio-correction factors may also be applied to deter-

mine the mass-averaged efficiency of a stage if the average efficiency

based on the mainstream velocities and blade-element losses is known.

Thus, the average rotor efficiency is obtained by multiplying the effi-

ciency calculated from the mainstream flow conditions by the efficiency-

correction factor. As a result of the correction factors determined from

the data of reference 18 for the temperature rise and the pressure

ratio, the efficiency correction K_ for the rotor was found to be

approximately equal to 0.97.

Work-Done-Factor System

A boundary-layer correction procedure that has been widely used by

British designers (refs. 19 to 21) includes the "work-done': factor 3 which

is used to estimate stage temperature rise from design values of axial

velocity and air angles. In this case, the hub and tip radii of the blade

row are prescribed. For a given weight flow through the blade row, the

effect of the wall boundary layers is to increase the axial velocities

above the design values across the mainstream portion of the annulus and

to decrease the axial velocity near the end walls as shown in figure 5.

Because of the high values of velocity over the major portion of the

annulus 3 the mass-averaged energy addition at the design flow is lower

than the design value (i.e., the low mass flow at the end walls does not

weight the temperature rise in this region enough to compensate for the

central-portlon deficit in work), resulting in less "work done." Thus,

the actual stage temperature rise is lower than that predicted on the

basis of the design values of velocity and air angles. The work-done

factor _ is defined in reference 19 by the following relation:

CpJgAT = _(U2Vz, 2 tan _2 - UIVz, I tan _l)d

where the flow parameters are the ideal v_lues calculated assuming that

wall boundary layers do not exist.
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Although it was developed for designs with free-vortex velocity

diagrams, the work-done factor has since been applied to other types of

diagrams. It is necessary in this system to set the blades (on the basis

of the design velocities) at an incidence angle higher than the optimum

value. The higher velocities actually obtained across the main stream

will then produce incidence angles close to the optimum values.

Thus, the design velocity and blade-angle distributions are set so

as to ensure that application of the work-done factor will result in the

desired energy addition. It is then usually assumed that the major part

of the correction for boundary-layer blockage has been considered by
application of the work-done factor.

SELECTION OF DESIGN VARIABLES

The design calculation of the multistage-compressor blade rows re_

quires first the specification of certain aerodynamic and geometric

characteristics. Among these are the inlet values of hub-tip radius

ratio, weight flow, and wheel speed; the variation through the compressor

of blade loading, axial velocity 3 and tip diameters} and an additional

parameter specifying the radial distribution of work or velocity in each

stage. Since the emphasis in aircraft compressors is for high mass flow

per unit frontal area and high pressure ratio per stage, the discussion

of the selection of design variables is slanted toward achieving these
goals.

The selection of design variables and the entire design procedure

involve an iterative process in which compromises are necessary at each

step. The process can be shortened by using a quick approximate method

for the initial parts of the design and 3 after a rough outline of the

compressor is determined 3 using the more accurate methods to fix the

details of the compressor blading. Thus 3 a trial hub and tip contour for

the entire compressor can be obtained from the method that uses the isre

equation along with an assumed efficiency for the blade rows. The ma-

jority of the necessary compromises can be made in this step_ so that the

required performance is reasonably assured without exceeding specified
limitations on divers flow variables.

Velocity Diagrams

A general velocity diagram for a fixed radius is shown in figure 4.

In the past, many compressors have been designed to achieve a specific

type of velocity diagram at a given radius or given radii. A discussion

of the commonly used velocity diagrams and their application in the de-

sign procedure is given in references 3 and 22. The free-vortex diagram

has been widely used because of its simplicity and the accuracy with
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which flow distributions could be calculated for this type flow. Two-
dimensional blade-element considerations (which are now knownto be
insufficient) showedthat the symmetrical velocity diagram gave maximum
blade-element-profile efficiency as well as high flow and stage pressure
ratio for a subsonic Machnumber limit. Therefore 3 this type of diagram
also has been used extensively. As the various limitations of compres-
sors becamebetter knownj more freedom was taken in the type of velocity
diagram. With the advent of the transonic compressor and the removal of
the subsonic Machnumber limit 3 the free-vortex design returned to promi-
nence for inlet stages. The absence of large gradients in outlet axial
velocitywith this type design facilitates the maintenance of recently
established loading limits and the achievement of high pressure ratio.

Experimental tests of axial-flow compressors showthat satisfactory
performance can be obtained for a wide range of velocity-diagram types
if the blade-loading and Machnumber limits are not exceeded. Therefore_
present design philosophy emphasizesthe limitations as determined by
Machnumberand diffusion factor rather than the specific velocity dia-
gram used. In generalj an iterative procedure of specifying radial dis-
tribution of work (£_H or AT) and checking all radial sections for
extremes in diffusion factor or Machnumber is satisfactory. A specifi-
cation of a velocity diagram may in somecases be desirable to systematize
the procedure or to utilize past experience.

t--

Compressor-Inlet Conditions

Inlet hub-tip radius ratio and axial velocity must be specified to

satisfy the design weight-flow requirement, which is fixed by an engine

analysis. Figure 5 presents curves of compressor weight flow per unit

frontal area against axial Mach number for constant values of hub-tip

radius ratio. It is apparent from this figure that weight flow per unit

frontal area increases with decreasing hub-tip radius ratio and with in-

creasing axial velocity (or Mach number). Reduction in hub-tip ratio

below approximately 0.4 may be expected to result in aggravated aerody-

namic as well as mechanical problems_ thus giving diminishing returns.

For instance, the blade-element-flow choking problem (M = 1.0 at throat)

at the compressor hub becomes more acute because of large fillets and

blade thicknesses_ while blade fastening may become difficult and blade

stresses may become high.

Figure 5 also illustrates that the value of weight flow per unit

frontal area depends on the value of inlet axial Mach number. However,

design values of axial Mach number are fixed (for any desired blade speed

and air prerotation) by the limiting relative inlet _ch number of the

blade sections used in the inlet row. Thus 3 the relative inlet Mach num-

ber becomes the important variable and will be considered here.
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The limiting relative Mach number for conventional subsonic blade

shapes and designs is usually set at 0.7 to 0.83 whilej for transonic

blade shapes (thin blades with thin leading edges and solidity of the

order of 1.0)3 good efficiencies have been obtained at Mach numbers up

to 1.1 (ref. 25) and even higher. These limits are determined from loss

and efficiency considerations_ which in turn may be affected by blade-row

choking considerations 3 particularly at the compressor hub. An analysis

of the choking problem is presented for two-dimensional cascades in ref-

erence 24. If a cascade analysis is applied to a compressor rotor and

does not indicate choking 3 there will probably be a built-in safety fac-

tor because of the advantage of the energy rise through the rotor.

In the past_ inlet corotation has been used to reduce the relative

Mach number at the rotor inlet. Since compressors have been operated

efficiently at high values of relative inlet Mach number 3 the role of

inlet guide vanes has become decreasingly important in compressor design.

However_ the use of counterrotation inlet guide vanes to increase Mach

number at a given wheel speed for the attainment of high stage pressure

ratio should not be overlooked when blade speed is otherwise limited.

Variation of Design Parameters through Compressor

Axial velocity. - In any compressor 3 values of axial velocity are

fixed at two axial stations: at the compressor inlet by the weight flow

and hub-tip ratio_ and at the compressor exit by compressor-discharge

diffuser and combustor-inlet requirements. With the trend toward higher

compressor-inlet velocities_ fixed combustor requirements will necessitate

appreciable decreases in axial velocity through the unit. Care must also

be taken that blade heights in the latter stages do not become so small

that end-wall boundary layers and blade tip clearances occupy a large

percentage of the passage and thus deteriorate performance. The exact

scheduling of axial velocity through the compressor will depend largely

on the individual blade-row requirements. Large axial velocity reductions

across any blade element are to be avoided if high efficiency is desired.

Diffusion factor. - The diffusion factorj a blade-loading criterion

discussed in reference 25_ is given by

avb
D : 1 - + 2ovlV 1

The analysis of single-stage-compressor data in reference 25 indicates

the following diffusion-factor limits for inlet stages: for the rotor

tip_ D less than 0.43 for the rotor hub_ D less than 0.63 for the sta-

tor, D less than 0.6. The variation of limiting diffusion factor

through the compressor is not yet known. Although this blade-loading
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parameter (eq. (23)) is a good stop-gap, a more complete and general

loading criterion and a better correlation of loss with loading is still

required.

EfficiencT. - The stage or blade-row efficiency, rather than the

blade-element loss, may be used as a design parameter in certain design

procedures (e.g., method III). Experimental investigations of axial-

flow compressors indicate that, where blade-loading limits are not ex-

ceeded, the stage efficiencles remain at a relatively constant high

value. A slight decrease in efficiency in the rear stages of the com-

pressor has usually been attributed to distortions of the radial distri-

butions of velocity in these blade rows. Also, the ratio of wetted area

to flow area is greater in the latter stages than in the inlet stage, so

that boundary-layer effects become more prominent. The design-speed peak

adiabatic efficiency for an inlet stage operating as a single-stage unit

is about 0.92. Of course, the assumed design efficiency will vary with

the performance requirements of pressure ratio and weight flow and per-

haps with axial position in the compressor.

Boundary-layer characteristics. - Unfortunately, there is very little
information from which the boundary-layer growth through a compressor can

be determined accurately beyond that mentioned in reference 15. Values

of correction factors used to account for boundary-layer growth have been

given and discussed in the section on weight-flow blockage. Data obtained

from an 8-stage axlal-flow compressor (ref. 26) indicate that the

boundary-layer thickness (expressed as a percent of blade height) re-

mained approximately constant through the last four stages near the de-

sign weight flow. Although the boundary layer in the compressor of ref-

erence 26 was thicker than might be generally expected, these results

support the choice of a constant value of Kbk through the latter stages

of an axial-flow compressor.

p..

_O

Physical Aspects

Physical considerations limit some compressor variables that affect

the aerodynamics of the flow. The shape of the compressor outer casing

is limited by restrictions on over-all size of the engine and accessories,

and a constant-tip-radius configuration has been used in the past as a

good compromise between aerodynamic and weight considerations. The re-

quired decrease in annular area from inlet to outlet is then obtained by

gradually increasing the hub radius. Of course, other combinations of

hub and tip shapes may be desirable for specific applications) for exam-

ple, the section on radial-flow accelerations indicates that tapering the

tip casing at the compressor inlet may be desirable to reduce hub-wall

curvature effects, if these are otherwise detrimental.
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The value of the solidity used in each blade row maybe varied
slightly to keep the blade loading (expressed for the present by the dif-
fusion factor) within certain limits. Reasonablevalues of solidity for
the transonic compressors appear to be in the order of 1.O at the tip
section. Extremely low solidities lead to poor guidance and high losses 3
while extremely high solldlties lead to hub choking problems and high
losses.

Although the tip clearance used in a compressor design is usually
set by mechanical conslderations 3 large effects of tip clearance on
aerodynamic performance have been noted in various compressor investiga-
tions. Someeffects of blade tip clearance are discussed in reference
27, which reports that the smallest clearance used in the series of tests
gave the best rotor efficiency.

0ff-Design Performance

In regard to compressor weight 3 it is desirable to select a design
for the minimumnumberof stages consistent with good aerodynamic effi-
ciency to achieve a specified over-all pressure ratio. Inasmuch as the
compressor must also have good acceleration characteristics, good high
flight Machnumberperformance3 and a reasonable overspeedmargin as well
as satisfactory design-point operation 3 the off-design operating charac-
teristics should be considered whenthe stagewise variation of blade
loading is chosen. Possible meansof determining the off-design operating
characteristics are given in chapter X. At compressor speeds above aud
below design speed, the front and rear stages deviate considerably from
design angle of incidencej operating over a range from choked flow to
stall (ref. 28). Therefore 3 it is important to prescribe blading and
velocity diagrams in the front and rear stages that will permit the at-
talnment of a large stall-free range of operation.

Consideration of compressor-inlet flow distortions resulting from
inlet-diffuser boundary layersj aircraft flight at angle of attackj and
so forth 3 mayalso influence the stage design selectionj especially in
the inlet stages of the compressor.

APPLICATIONOFEQUATIONS

Design Equations

The equations to be used in a design are grouped in table I for ease
of reference. They are either repeated or are directly derived from
equations in the previous sections. Additional relations are obtained
from the velocity diagram such as is shownin figure 4.
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Equations (D2b) (the isre solution) and (D3b) (the nisre solution)

for determining the axial velocity variation along the radius are ob-

tained from equations (DZa) and (D3a) by evaluating the integrals by the

trapezoidal rule. EIn addition s eqs. (17) and (18) or eqs. (D12) and

(D13) (with the radial velocity equal to zero) are applied to derive eq.

(DSo) from eq. (D3a) _ An accurate evaluation of the axial velocity
distribution by use of equations (D2b) and (DSo) requires that the ref-

erence radius be shifted from point to point. That is s the integration

is first carried out from the initial reference radius to an adjacent

radial station. The computed values of velocity at this adjacent radial

station are then used as the reference-point values to compute conditions

at the following radial station. Thus s the effect of any variation of

entropys temperature_ and tangential velocity on the axial velocity dis-

tribution may be accurately considered if enough radial stations are

specified across the annulus area.

Equation (DII) is a form of (D2a) for the special case of inlet

guide vanes where the stagnation temperature is constant. This equation

is derived in reference 29. Equation (Dl0b) is an alternate form of the

diffusion-factor relation (eq. (Dl0a)). A graphical solution of equation

(DlOb) is presented in chapter IX.

D-
_D
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General Determination of Axial Velocity Distribution

The design of the multistage compressor requires the solution of the

general flow equations after each blade row in the compressor. This sec-
tlon is concerned with the methods of determining the velocity distribu-

tions after the inlet guide vanes and rotor and stator blade rows.

For the case of no inlet guide vanes or for guide vanes that impose

a vortex turning distribution3 it may be assumed for the initial design

trial that the axial velocity is constant along the radius at the inlet

to the first rotor row. For the case of compressors having inlet guide

vanes imparting a nonvortex turning distribution to the flow s the axial

velocities at the outlet of the guide vanes or at the inlet to the first

rotor will vary with radius and must be computed. As indicated in the

previous discussionj the effects of streamline curvature may be suffi-

ciently large in certain cases to necessitate consideration of these ef-

fects in the calculation procedure. In the design procedure3 corrections

for these curvature effects may be applied after the preliminary velocity

distributions and passage geometry have been specified.

After the flow conditions at the inlet to the rotor are determineds

the steps previously enumerated in the section on CONSIDERATION OF WALL

BOUNDARY-LAYEREFFECTS are used to determine the velocity distribution

and annulus area geometry after the rotor. The design variables that
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must be specified for the first rotor are the tip radius at the rotor

discharge, the tangential and axial velocity changes (based on blade-

loading considerations) across the critical blade element (usually the

tip) of the rotor 3 and the radial distributions of energy addition and

blade-element loss. The specification of these quantities completely

determines the flow parameters at the discharge of the blade row. Ap-

plication of the blockage correction Kbk in the continuity equation

then permits the determination of the hub radius of the annular flow

passage after the rotor. A similar procedure is used to determine the

flow conditions after the following stator.

It is then necessary to review completely the preliminary design in

order to determine its critical and undesirable features with respect to

both the compressor performance and the performance of the other engine

components. For instance, it will be necessary to go through the design

procedure again in order to correct for streamline-curvature effects 3 or

to improve the shape of the hub contour 3 or to revise the loss assump-

tions made originally. A recalculation may also be required to change

the loading or Mach number level because certain blade elements appear

to be too critically loaded. The blade sections may then be determined

from the two-dimensional and annular-cascade data of chapters VI and VII

and the calculated design flow conditions.

Three methods discussed generally in the section on CONSIDERATION

OF WALL BOUNDARY-LAYER'EFFECTS for determining the flow conditions in

the compressor are presented here to indicate the possible uses of the

available equations and data. In discussing these methods 3 it is as-

sumed that the compressor tip geometry and aerodynamic conditions are

known (i.e., inlet and outlet tip radii, wheel speed 3 limiting-loading

parameter_ and axial velocity ratio) and that inlet values for pressure 3

temperature 3 weight flowj and velocity are known. It is assumed that

the radial velocity terms may be neglected. The tangential velocity dis-

tribution is taken to be the prescribed outlet variable. The values

selected are not to be considered as uniquely desirable values. They

are chosen merely to illustrate the methods of solution of the de-

sign equations. It should be emphasized that, once the preliminary

flow and geometry conditions are determined, it will be necessary

to review the design procedure to ensure the attainment of satisfac-

tory performance.

Method I

As pointed out previously 3 the solution of the flow equations by

method I assumes a complete knowledge of the radial variations of energy

addition or tangential velocity after the rotor as well as the radial

variation of entropy even into the wall boundary layers. Because of the

lack of sufficient data of this type, this methodmay not be generally

usable at the present time.
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The steps itemized in the following sections for application of
method I follow as closely as possible the procedure enumerated in the
previous section.

Inlet guide vanes. -

(i) Tip radius and hub-tip radius ratio at the discharge of the in-

let guide vanes are specified.

(2) The desired weight flow is specified. This weight flow will be

used in the continuity equation to determine the magnitude of' axial ve-

locity required.

(5) The radial distribution of tangential velocity is specified.

(Some restrictions on this are given in ref. 30.)

(4) The outlet stagnation temperature is equal to the inlet stagna-

tion temperature and is constant radially.

(5) The radial distribution of loss _ is assumed from wall to wall

on the basis of data obtained from similar blade sections. The radial

distribution of outlet stagnation pressure is computed from equation (D5b).

(6) The radial variation of axial velocity is computed from equation

(_b).

(7) The density variation along the radius is computed from equation

(D7).

(8) The magnitude of the axial velocity is determined by trlal-and-

error application of the continuity equation (eq. (DS)) with the blockage

factor Kbk equal to 1.0. It should be emphasized that in this method

the velocities are calculated into the wall boundary layer so that addi-

tional boundary-layer corrections are unnecessary.

Rotor. -

(i) The tip radius at the rotor discharge is specified.

(2) The axial velocity at the tip radius after the rotor is speci-

fied. The tip tangential velocity after the rotor is then calculated

from equation (D10a) for a specified value of diffusion factor (consistent

with low loss or high efficiency) and an assumed tip solidity.

(5) The radial distribution of tangential velocity after the rotor

is specified.

(4) The radial distribution of stagnation temperature after the rotor

is computed from equation (D1).

D-
_D
_O
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(5) The radial distribution of loss from wall to wall is assumed

from the diffusion-factor - loss correlation of figure 6 (which is re-

plotted from ch. VII) and from data taken in the wall boundary layers.

The radial distribution of stagnation pressure after the rotor is cal-

culated from equation (DSa).

(6) The radial distribution of axial velocity is calculated from

equation (DSb) using the specified tip axial velocity as the initial ref-

erence velocity V
z3i"

(V) The radial distribution of density is computed from equation
(DT)

r

(8) The hub radius after the rotor is determined from equation (DS)

with the blockage factor Kbk equal to 1.0. If this hub radius causes a

shift in the streamline configuration from that used in the initial cal-

culation 3 it may be necessary to repeat this procedure using the modified
streamline locations.

Stator. -

(1) The tip radius at the discharge of the stator blade row is

specified.

(2) The axial velocity and tangential velocity at the tip radius

after the stator are specified considering the effect of these values on

the losses and on the characteristics that are desirable for the following
rotor row.

(5) The radial distribution of tangential velocity after the stator
is specified.

(4) The radial variation of stagnation temperature is assumed to be

the same after the stator as at the inlet to the stator.

(5) The radial distribution of loss from wall to wall is assumed from

boundary-layer data of similar stators and from the diffusion-factor -

loss correlation of chapter VII. The radial distribution of stagnation

pressure is computed from equation (D5b).

(6) The radial distribution of axial velocity is computed from equa-
tion (DSb).

(7) The density variation along the radius is computed from equa-

tion (D7).

(8) The hub radius after the stator is determined from equation (D8)

with the blockage factor Kbk equal to 1.0.
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Method II

The essentlaldifference between solution of the flow equations by
this method and solution by method I is that the flow distributions are
computedusing available blade-element data as if no wall boundary layers
were present. Appropriate correction factors for the effects of the wall
boundary layers are then applied. Specifically 3 the principal differ-
ences are in the evaluation of the loss distribution along the radius
(step (5) of method I) and in consideration of the wall boundary-layer
blockage factor in the flow-contlnuity condition (step (8) of method I).
The radial variation of loss for method II is determined from blade-
element considerations alone and does not go into the wall boundary-
layer effects. The blockage factor Kbk used in applying the continuity
equation (IB) in method II is somevalue less than 1.0. As pointed out
in reference 15_ it mayvary from 0.98 to 0.96 through the compressor.

The isre equation can also be used in this method for an initial ap-
proxlmation of the flow or for cases in which the radial gradients of en-
tropy are negligible. In these cases, equation (IEa) or (lEb) is used
in step (6) of method I. Equation (Dll) maybe used to compute the axial
velocity distribution for the case of blade rows having negligible radial
gradients of stagnation temperature and pressure. In applying equation
(Dll)_ however3 it is necessary to specify the flow-angle distribution
after the blade row rather than the tangential velocity distribution.

_O

Method III

The principal difference between the solution by this method and

that by method II is in consideration of the blade-element loss. Rather

than estimating a blade-element loss _', an average rotor row efficiency

is assigned in this method. It is then assumed that the rotor blade-

element efficiency is equal to this average rotor efficiency. The stator

losses may then be considered by specifying an average stage efficiency.

The stagnation pressure after the rotor and stator blades may then be

determined from the rotor and stage temperature ratios and the appropriate

efficiencies. The isre equation ((lEa) or (D2b)) is then used in calcu-

latlng the velocity distribution after the blade row. A method very

similar to this one is presented iu chapter IX, in which the solution

is accomplished by the use of charts.

Remarks

It must be emphasized that the previously outlined calculations are

to be considered as preliminary calculations. After the annulus area

geometry is determined3 it will be necessary to review and probably re-

calculate the design to determine the final flow conditions through the

compressor.
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Naturally 3 other forms of these equations can lead to variations in
the design procedure. It should be noted3 however3 that any variations
must use self-consistent boundary-layer correction factors. Indiscrimi-
nate use of correction factors can lead to a design that is as poor as or
worse than one in which boundary-layer corrections are completely
neglected.

The radial velocity terms maybe included in the methods presented
if the streamline slope in the meridional plane is estimated. Thus3 the
radial velocity is related to the axial velocity. This necessitates re-
talning the radial velocity terms in equations (D7) and (D13).

Somesecondary-flow effects mayalso be considered for certain specif-
ic cases in the'design system. For instance, reference 30 presents a
method of considering the induced effects of the trailing vortex system
on the inlet-gulde-vane turning angle. Research on secondary-flow ef-
fects in annular cascades will no doubt eventually lead to corrections
in the design system.

NUMERICALEXAMPLE

As an illustration of the design procedure of method II discussed
previously, the design calculations for an inlet stage consisting of
inlet rotor and stator are presented here. The given inlet conditions
are as follows:

P1 = 2116 lb/sq ft

T1 = 518.7° R

Ve31 = 0

aa31 = 1116 ft/sec

rll t = 1.5 ft

= 35.0 (lb/sec)/sq ft
5A F

The following design variables are selected:

Radial stations

passage depth.

at i0# 303 50# 701 90 percent of
r 3 rp, ry1 rsJ re

Mz, 1 = 0.6

M[,cc = I.i

Kbk = 0.98

'Ve, 3 = 0

DR3cc = 0.35

Kp, Ke, and K_

DR <3¢ =0.6

DS< 0.6

are not used.
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r23t = 1.44 ft

r33t = 1.44 ft

Values used for various constants are

g = 32.17 ft/sec 2

J = 778.2 ft-lb/Btu

Cp= 0.243 Btu/(ib)(°R)

R = 5.3.35 ft-lh/(lb)(°R)

y=l.4

The value of inlet hub-tip radius ratio is computed from the flow per

unit frontal area, axial Mach numberj and tip radius 3 as follows:

w_ i _ 35

Kbk O.98
: 55.7 (lb/sec)/sq ft

From Mz, l, w%/_/SAF, and figure 5, rh/r t = 0.377.

The actual weight flow is obtained from

AF_ I = _r 2 = 7.069 sq ft;t

w_q_ = w = 247 ib/sec
5AF AF 31 - 5

The conditions at the rotor tip design station _ (i0 percent of

passage depth) are computed next. From Mzj I and reference 313

a
i

= 0.9658

aa31

a I = 1078 ft/sec

Vz, 1 : alMz, 1 : (1078)(0.6) : 617 ft/see

V'!,c_= al_,_' = (1078)(1.1)= 1186 ft/sec

[ , 2 Ill 2Ul,_ = Veal,c c = (VI,cc) - Vz,I,cc ] = 994 ftlsec

5O
5O
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O4
O4

#_,_ = tan -I = 56.9 °

Vz,2j _ = 1.0 Vz,l_ _ = 647 ft/sec

The value of _,_ is computed from equation (Dl0b) by application

of the appropriate chart (fig. 5 of ch. IX):

_,_ = &6.0 °

Vb,2, _ = Vz,2, _ tan _' = 670 ft/sec2_

V8,23 _ = U2, _ - V_,2, _ = 297 ft/sec

The iteration procedure for the computation of the radial variation

of gas state is started by selecting the inlet radial stations. The

computation lineups and results for the velocity calculations using the

isre and nisre equations are shown in tables II(a) and (b), respectively,

where only the final results and final calculation lineups of the itera-

tion procedure are presented.

In these designs the variation of outlet tangential velocity is

prescribed as a function of r2, so that an analytical integration of the

isre equation is possible. Of course 3 graphical or numerical procedures

may also be used. This velocity distribution is

V8, 2 = V8323 t ( 2

It should be emphasized that this distribution is chosen only to illus-

trate the design procedure for the general case where radial temperature

gradients are present and does not necessarily represent an optimum de-

sign condition. The isre equation (D2a) can then be directly integrated,

with the following result:

V2
zj2

_ V 2 ) -= V 2 2gJcp(T2 i) - (V_,2 2,1z323i + - T2, e,

r2
2 In

8Vs,2_t r2, i 1 1 / l______fr2 r2 i) ]r2, t (r2 - r2,i) + 8 <r22,t]' 2 - 2,

(_.4)
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where the _ station is used as the initial reference station. All the

terms on the right side of equation (24) are known as functions of the

trial values of r2 (r2 depends on the selection of r2j t and r2jhJ

since in this procedure the radial stations were chosen at stated per-

centages of the passage depth). The final value of r2, h is obtained

by the iteration procedure of steps 6 to 25 in table II(a). The weight

flow is computed numerically (e.g., by plotting (2_KbkOVzrtr) 2 against

(r/rt) 2 and carrying out a graphical integration).

In order to compute weight flow_ density and, hence, stagnation pres-

sure must be calculated at the blade-row outlet. Stagnation pressure can

be computed from stagnation temperature and the loss - velocity-diagram

correlations presented in chapters VI and VII. The design chart (from

data presented in ch. VII) used here to relate stagnation-pressure loss to

velocity diagram is shown in figure 6. This chart is used in the design

procedure shown in table II, while an explanation of its significance

is given in chapter VII. Here (P2/Pi)id is taken equal to 1.Oj which

is exact for a constant-radius blade element.

The stator design is simpler than that for the rotor in this case 3

since Ve33 is chosen to be zero_ however 3 the basic approach is the

same. The isre equation becomes

2 2 2gJcp(T5 i ]Vz3 5 = Vz,3# i + - T53

where again the m station is used as the initial reference station.

The stator curve in figure 6 is used for all radial stations.

The rotor and stator design using the nisre equation is carried out

with the same design conditions as prescribed for the design using the

isre equation. Thus steps 36 to 44 of table ll(b) are the same as those

from i to 9. The method of computing the outlet axial velocity is now

changed, since data from a previous approximation are used in the

solution. Here the final results of the isre solution are used to ob-

tain the loss data for the initial nisre solution for outlet axial

velocity. This is an intermediate step for which the data are not

presented in the tables. The nisre equation for outlet axial velocity

_O
_0
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for the assumed conditions is

C]

?
_O
O]

(A

-4

2y R (S2,i - S2) = Vz,2,i + - i)

(V_32 V 2 _ r2 r2 - r2_i i 2 r2 1
- 832 i) - 8V_,2,t n .... + --

r2, i r2, t 8r_, t (r2 - 2_i) +

J[gR(T2,i+ Tz) y-i _ V22y (V +323i 8,2 + V2 i_](S2,i,j S2 )z,2,

(25)

where

S2, i - S2 = _ in P2_i

P2

Equation (25) was obtained under the following restrictions: (1)

that Vr = 0, and (2) that entropy and static temperature vary linearly

with radius in the interval of integration and thus the reference radius

is shifted from point to point, starting at _ near the tip. This solu-

tion illustrates a numerical solution of the equilibrium equation. The

remainder of this calculation for the rotor is the same as that for the
isre case.

The loss estimat@s for the stator are made initially from the Isre

solution for the stator, and the entropy variation is computed from these

values. The stator velocity-diagram calculations then proceed as do the

rotor nisre calculations, using the equation

Vz, 5 1 + 2--_R (S5, i - $5) = Vz,5, i + 2gJcp(T5 - T5, i) +

J[gR(T3,i+ %) 2]" Vz,2,i (S5, i- S5)

(26)
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CONCLUDING REMARKS

The general flow equations that must be solved in the determination

of design velocity distributions and flow passage configuration in com-

pressors have been presented. In generalj it is felt that more data are

required to accurately establish the boundary-layer effects and correc-

tion factors on weight flow or annulus area and average stage pressure

ratio and efficiency. It is expected_ however_ that the boundary-layer

correction system discussed in this chapter will lead to a satisfactory

design approximation. The need for concentrated analytical and experi-

mental work is indicated by the lack of satisfactorily evaluated calcula-

tion procedures for determination of velocity distributions where

streamline-curvature effects are large. In the high-performance com-

pressors being considered at the present timej accurate prediction of

design-point performance may not be possible until these curvature ef-

fects can be considered in the design procedure. For the time being 3

these three-dimensional-flow problems may be alleviated by geometric

modifications of the hub and casing profile. It should be reemphasized

here that the compressor design procedure is a trial-and-error compromise

procedure. It is generally necessary to go through the design calcula-
tions a number of times before all elements of the compressor may be con-

sidered to be satisfactorily designed with respect to aerodynamic and

mechanical considerations.

_O

i
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TABLE I. - Concluded. DESIGN EQUATIONS

Y

I _il _-I

1

gP = _ 2g.T_-o@I

_r rtw = Kbk2_g (pVz r dr) d
h

y-i

_ad = T2

_-i

Av$

2a + tan ' _ 2_ (i- D)

cos _2' _2 = Vz,2 cos _l' + tan

cos _ exp f- sin2_

Vz = Vz_ i cos _i _ri r

(s)jS _ j_ =in
2 i

IT V-1

P2

P±

V 2

JScpt = JgcpT - -_-

(DSb)

(D6)

(DT)

(D8)

(D9)

(DlOa)

(DlOb)

(Oil)

(DI2)

(DI3)
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TABLEII. CALCULATIONPROCEDURES

(a) Using Isre equations

P..... t_J K.... 1 P....du_
1 lq/_l, t I_1 h/_l t " 0._77 choo_ 10, 30, so, 70, 90 p..... t of p.... s* _epth

I VzI = 847 ta_-l(V_,l/%, 1)

s Ii aI - lO78 v/a 1
_2/r2,t r2 t " 1.44 Ir2,h known from prellmtnary design (step I)

U2' t', 1018 IU2't(r/rt)2

% TI'O518.7 IT1+[<%v_,_- .lV_,l)/gJop]
VZ 2 a = 647 I Eq. (24)

ii ! F_, 2 U 2 -lV8,2

ta_- (%,_/v_,2)

11_ Vz,/_o_B_
_a,2 aa, 1 - 1118 aa I(T2/TI )I/2

V2_aa 2 and ref. $1

IM2V/_2

%

15 ! M 2

16 M_
17 a

18 D'

19 _'

(P/P')2

21 P2/PI

22 [ gP2

23 lw
24 r3/r_ t

25 Vz, 5 = V=

26 M5

27

28 D

29

3o (p/P)5

51 Ps/P 2

32 gPs

53 w

34 P_/Pl

35 Dad,ST

(Ts/T I )^

] (FJ£1)Z

_(, = 1.0

Kbk = 0.98

rs, t : 1.44

Vz,_, _ = Vz,2, e

aa, 2 = aa, 5

sc = 0.7

ot(rl, t + r2,t)/(rl + r2)

1 - (%/v{)+ (_%/2ov_)
D', cos B_/�o, and fig. 6

M_ and ref. 31

_L

I

2 2 -_-

_ - Vz, 2 + Ve, 2

_%kr2,t (I_v_)2d(r/_2,t)
S=t)2

rs, h known from preliminary design (step l)

[vL ,l+ - T,,0]1/2
V3/aa, 5 and ref. 31

_t(r2,t + rs,t)/(r 2 + r 39

1 - (V_J_/2) + (AVe/2oV 2)

D, 20, and fig. 6

M3 and ref. 51

1 - _ 1 -

1

P3 (1 v_

2_Kbkr3, t (pVzr 95 d(rs/r 3, t )

J(rh/rt)5

p Y T3[¢>
Mass-average T_/T 1

IMass-average PS/?I

Mass-average Dad,S T

Radial posttton

0.938 ).81_ 0.688 9.584 0.459 l

894 862 729 598 465 j

56.9 53.I 48.4 42.8 35.7 ]

1186 1078 975 881 1 787 I

1.100 3.999 0.804 0.817 0.759 1

0.980 3.832 0,720 0.608 0.496 I

297 $51 562 594 426 1

987 847 73_ 619 505 !

566 565 562

647 640 627

670 516 571

46.0 58,9 30.G

932 822 72e

1166 1165 118_

0.655 0.644 0.645

0.850 0,755 0.65_

l.OC 1.15 1.34

0.351 0.377 0.39(

0.0754 .0589 ).04OZ

0.65_ 0.699 0.75]

1.52( 1.555 1.31_

0.0764 _,0769 ).075_

24"

O.85( 0.856 0.75(

64" 637 61;

0.57_ 0.564 0.52"

0.70( 0,79£ 0.91

,O._8_ 0.40- = 0.42"

0.018_ ) ,022_ 9,027_

0.80( 0.806 O._i_

0.99( 0.996 0.99_

0.0784 ),080( 3.080_

0.89 0.94( 0.94

1.08

1.2

0.93

559 554 I

612 600

225 79

20.2 7.5

652 605

1158 1155

0.655 0.666

0.587 0.548

1.61 2.02

0,591 0._60

,.0446 ).0489

0.792 0.816

1.284 1.248

1.0744 3.0724

0.62_ O.514

57E 824

0.49_ 0.455

1.08 1.32

0.45_ 0.507

).O54E 3.0501

0.65] 0,862

0.994 0.995

).079_ 0.0799

1.2_ 1.24

0.94( 0.928
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TABLE II. - Concluded. CALCULATION PROCEDURES

b-

_O

:ko
!O3

O

F?
Stel

I

56

57

58

59

4O

41

42

45

44

45

46

47

48

49

5O

51

52

55

54

55

56

57

58

59

Parameter

rl/rl, t !

u I = V_,l]

vi
M1
r2/r2,t I

V0,2

U 2

T 2 = T5

Known

design
condition

rl,b/rl,t

UI, t = 1060

Vz, 1 = 647

aI = 1078

r2, t = 1.44

Ve,2, t = 285

U2, t = 1018

T 1 = 5]8.7

_IP 2
RJ

Vz,2

V_,2

aa,2

M 2

M_
s

D'

(p/P')2

P2/PI

go2

w

rs/rs, t

known from

previous trla]

Vz,2, _ = 647

aa, 1 = 1116

o =1.0
a

I

I
IKbk _ O.98

rs, t = 1.44

60 _ P known from
RJ- 5

previous trial
I

61
iVz 3 = VsIVz 5 a

647

62 ]M 5' laa'2 '= aa 5

65 o I_a'= 0.7 '

64
65 m

66 l(p/P)5
[

87 !PIP2

68 gP5

69 w
[

ZPs/P1

i_ad,ST

(TJT1)av
(P3/P1)avl
Dad av

(b) Using nisre equations

Procedure

(Step I)

u],t(rl/rl,Q

tan- 1 1 )

[Vz2,1 (%'/Vz'+(v;
Vl/a 1

r2, h known from preliminary design

V8 2 t -

U2, t (r2/r 2, t )

Eq. (25)

U2 - Vs, 2

ta.-l(V_,_/V ,2)

aa,1(_2/T1)1/2
V2/aa 2 and ref. 51

M_V__2
_t(rl,t + r2,t)/(r I + r21

(v/vi)+ (A%/_ovl)
D', cos 6_/2e, and fig. 6

Mi and ref. 31

_L

mrlrl (l- ]r_U

I 2 " 1

P2 Vz 2 + _, 2"_"_'_'-1

2_%kr2t]_1"° (pVzr)2d(r2/r2,t)
' ,j(rh/r, )2

r3 h known from preliminary design

Istepi)

Eq. (26)
Vs/aa, 3 and ref. 51

.t(r2, t + rs, t)/(r 2 + r5)

i - (Vs/V2) + (AVe/2oV2)

D, 25, and fig. 6

M3 and ref. 51

1

I 2WKbkrS, tj_ P3Vz,5r5 d (rs/rs, t )

rS,h/r3, t

Mass -average Ts/T 1

Mass -average PS/P1

Mass-average Dad,S T

Radial position

0.938 0.813

994 862

56.9 53.1
i

1186 I0781

I.I00 0.999!

O.'J50 0.858

297 3291

967 8551

568 565]

647

670

46.0

1168

0.635

O. 830

1.0

0.351

0.0734

0.636

1.320

0.0764

0.95C

..... 0.01521

647 658 t

0.573 0.584 i

O. 700 O. 791 [

0.390 0.391 1

0.0182 0.0206 I

0. 8005 O. 794 ]

0.9964 3.9958]

0.0788 3.0792 [

1.515 [ .327 [

0.895 3.947 [i

0.88f 0.564

72 _. 598

48.4 42.8

97. _ 881

0.90.4 0 617!

0.7301 0.622

35_ 390

743 835

583 559

1.009l 0.988 0.981

662] 65_ 640

524 ] 584 243

38.4] 30 5 2(3.8

1165] 11621 1159

0.662l 0.669 0.675

0.756l 0.680 0.617

] ,14t 1.35 1.59

o.3531 0.358 o.5_'o

0.03501 .0371 0.0409

0.685[ 3.754 0.774

1.3521 1.516 1.290

O.0761 ] .O750 0.0758

247t

0.844 I 0.740 0.636

I

0.439

465

55.7

797

0. 759

0.514

420

523

555

0.974

628

I03

9.3

I154

0.685

0.577

1.98

O.316

9.0422

0.798

1. 256

0.0719

0.532

).0005]0.0000 t0,0004

658 606 | 559
/

0,410 0.438 0.480

).025310.0517 0.0445

0.804 0.822 0.845

).9951!0.9941 0.9931

).079113.0792 0.0791

I

247]

..309 [.282 1.247

1.94_.090 ).940 0.952

),93_'30 l
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CHAPTER IX

CHART PROCEDURES FOR DESIGN VELOCITY DISTRIBUTION

By Arthur A. Medeiros and Betty Jane Hood

SUMMARY

A series of charts for the solution of the flow equations used in

the design of axial-flow compressors is developed. The equations, which

are presented in chart form, are radial equilibrium (in a simplified

form), continuity of flow, energy addition, efficiency, vector rela-

tions, and diffusion factor.

Because the charts are based on general flow equations, they can be

used in the design of any axial-flow compressor. An example of the use

of the charts in the design of a stage consisting of a rotor and stator

blade row is presented. Comparison of the pertinent design values ob-

tained by the chart procedure with analytically calculated values indi-

cates that good accuracy can be attained by careful use of the charts.

INTRODUCTION

The over-all design requirements of air flow and pressure ratio for

the compressor component of a gas-turbine engine are generally determined

on the basis of a cycle analysis for the particular application of the

engine. For many present-day aircraft applications, an axial-flow com-

pressor is selected because of its high efficiency and high flow per unit
frontal area.

The general geometry of the compressor, such as the tip diameter,

blade speed, inlet and discharge axial velocities, and inlet and discharge

areas, is determined by consideration not only of the compressor but also

of the combustor and turbine components of the engine. The selection of

inlet axial velocity, compressor blade speed, and inlet hub and tip diam-

eters involves a compromise among high weight flow per unit frontal

area (low hub-tip diameter ratio and high axial velocity), high stage

pressure ratio (high blade speed), and reasonable turbine blade stresses

(low blade speed, low axial velocity, and high hub-tip diameter ratio).
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The magnitudes of the axial velocity and blade speed must also be compro-
mised on the basis of the effects of the resultant Machnumberon blade-
section efficiency. Compressorblade stresses_ other than vibratory
stresses_ play only a small part in this compromise. The factors affect-
ing these considerations are discussed more completely in chapter II
(ref. I) and in reference 2.

Other compromisesmust be madein the compressor design in addition
to the inlet configuration. The compressor-discharge velocity must be
adjusted on the basis of compressor diffuser and combustor-inlet require-
ments. Low compressor-discharge axial velocities are favorable with re-
spect to combustor efficiency; however, high axial velocities are desira-
ble through the compressor for attaining high stage pressure ratios and
hence decreasing compressor weight. With the inlet and discharge axial
velocities selected, it is then necessary to prescribe a stagewise varia-
tion in the axial velocities and blade-loading limits such that a reason-
able hub shape is obtained.

Another variable that must be dealt with is the radial distribution
of tangential velocities. Not a great deal of information is available
on the over-all desirability of the various radial distributions of ve-
locity diagrams_ so that, for the most part, the choice is a matter of
experience with someparticular distribution.

It is obvious_ then, that, with this wide selection of combinations
of axial and radial distributions of velocities and the compromisesre-
quired because of the factors affecting aerodynamic performance, weight_
and mechanical reliability of the various components,many compressor
configurations are possible to meet the given over-all design require-
ments. Somepreliminary design calculations are therefore necessary be-
fore a final Compressorconfiguration is selected.

Each of these preliminary design calculations requires the solution
of the fundamental flow equations after each blade row. The application
of the fundamental flow equations to compressor design is discussed in
detail in chapter VIII. However_the complete design procedure presented
in chapter VIII would be very time-consuming if used for the purpose of
design evaluations. It is desirable to put the fundamental flow equa-
tions applicable to compressor design in simple and easilY used chart
form.

Another reason for simplifying the compressor design procedure for
certain applications is the iterative nature of the complete design pro-
cedure. The iteration is a result of the mutual interrelation between
the calculation of the radial distribution of velocities_ the passage
shape of the compressor, and the selection of blading to achieve the radial
distributions of velocity. For example, the axial velocity distribution
after any blade row is a function not only of the radial distribution of
tangential velocities but also of the energy gradient and the gradient

CO

_D
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c_

?

of losses. However, the tangential velocities (or energy) and losses are

functions of the blading and the angular setting of the blading with re-

spect to the flow. The general procedure is to prescribe the desired

radial distribution of tangential velocity or energy and assume a loss at

each radial station at which the axial velocity is to be calculated. The

calculation .of the axial velocity to satisfy the radial-equilibrium condi-

tion completes the vector diagram, and it is then possible to select blad-

ing on the basis of data such as that presented in chapters VI and VII. At

this point, the losses for the selected blade section can be obtained from

blade-element data and checked against the assumed losses. If the assumed

and calculated losses are sufficiently different, the entire calculation
must be repeated with new assumed values of losses.

Streamline curvature, particularly in stages with low hub-tip diame-

ter ratios and high pressure ratios, will affect the radial distribution

of axial velocity. Some of the factors that control the streamline curva-

ture and methods of analytically correcting for the effect on axial veloc-

ity are discussed in chapter VIII and in references 3 to 7. It is obvious

that the hub and tip diameter variation through the compressor will greatly

influence the streamline shape. Therefore, a preliminary design calcula-

tion is necessary to determine the approximate passage shape variation be-

fore streamline-curvature corrections to the axial velocity can be made.

For this reason, also, it is advantageous to have the preliminary design
procedure in easily used chart form.

This chapter develops and presents a chart procedure for the design of

axial-flow compressors using any consistent set of assumed design values

and velocity distributions. The radial-equilibrium equation (in simpli-

fied form), the continuity _quation, the energy-addition and efficiency

equations, vector relations, and the diffusion-factor equation (see ref.
8) are presented in graph form.

The method can be used for making preliminary design calculations

to determine the compressor configuration to meet given over-all perform-

ance requirements with any given set of aerodynamic limitations such as

Mach number and blade-loading levels. It can also be used as the first

step in a complete design procedure to determine initial velocity diagrams
and passage shape variations. An intelligent estimate of losses in the

blading and streamline curvatures due to the walls can then be made, so
that iterations in the complete design procedure can be minimized or elim-

inated. When the corrections to the design due to entropy gradients and

streamline curvatures are expected to be small, the charts can be used

for final design calculations_ provided, of course, that they are used

with care and Judgment. An example of the use of the charts in the de-

sign of an axial-flow compressor stage is presented herein, and the re-

sults of the graphical procedure are compared for accuracy with analyti-
cally calculated values.
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A

a

aa

B

C

Cp

D

_r

g

H

J

Kbk

M

P

P

R

r

S

T

t

U

V

SYMBOLS

The following symbols are used in this chapter:

area, sq ft

speed of sound, ft/sec

speed of sound based on stagnation conditions, ft/sec

C + V_ - V[,i, (ft/sec) 2

2gJcp(T i - T), (ft/sec) 2

specific heat at constant pressure, 0.2_3 Btu/(ib)(°R)

diffusion factor

blade force acting on gas, ib

acceleration due to gravityj 32.17 ft/sec 2

total or stagnation enthalpy, Btu/ib

mechanical equivalent of heat, 778.2 ft-lb/Btu

weight-flow blockage factor

Mach number

total or stagnation pressure, lb/sq ft

static or stream pressure, lb/sq ft

gas constant, 53.35 ft-lb/(lb)(°R)

radius, ft

entropy, Btu/(lb) (°R)

total or stagnation temperature, OR

static or stream temperature, OR

rotor speed, ft/sec

air velocity, ft/sec

co
wo
_o
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w weight flow, ib/sec

z coordinate along axis, ft

air angle, angle between air velocity and axial direction, deg

T ratio of specific heats, 1.4

6 ratio of total pressure to NACA standard sea-level pressure of

2116 ib/sq ft

_ad adiabatic efficiency

a ratio of total temperature to NACA standard sea-level temperature
of 518.7 ° R

density, ib-sec2/ft 4

solidity, ratio of chord to spacing

angular velocity of rotor, radians/sec

total-pressure-loss coefficient

Subscripts:

P

G

CO

CO

an

av

b

c

F

h

i

k

m

R

annulus

average

radial station midway between tip and mean

radial station midway between mean and hub

frontal

hub

reference position, radial station where variables are known

continuity value, value corrected for boundary-layer blockage

local value of flow per unit annulus area

mean

rotor
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r radial direction

S stator

s_ NACAstandard sea-level conditions

t tip

z axial direction

tangential direction

1 station at inlet to rotor blade row at equispaced distances across
annulus

2 station at exit of rotor blade row at equispaced distances frc_
tip to assumedhub

2a station at exit of rotor blade row at equispaced distances across
annulus

5a station at exit of stator blade row at equlspaced distances across
annulus

Superscript:

' relative to rotor

_O

DESIGN EQUATIONS

The flow equations applicable to compressor design are discussed in

detail in chapters III (ref. l) and VIII. These equations, in the form

usually used in compressor design, are as follows:

Radial equilibrium:

Continuity:

8H _S Ve 8(rYe)
gJ _ =_r + gJt B_ +_r

wk = 2_Kbk _| rt

Jrh

_V z 8Vr

m + Vz __ _ Vz _ (1)

pgVr cos _ dr (2)
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Energy addition:

gJcp(T2 - TI) = _(r2Va, 2 - riVe, l) = U2V_, 2 - UIVe, I

Adiabatic temperature-rlse efficiency:

(3)

CN

CO

Diffusion factor:

State :

Mach number:

T-1

_ad-- T2 (4)
--- 1.0
T 1

v_ _v_
D : 1-_v1+ 2ov--_ (_)

p = pat (6)

V

M = _-gRt (7)

In addition to these are the trigonometric Relations equating veloc-

ities and flow angles, and the adiabatic relations equating the static

and stagnation values of pressure and temperature. The adiabatic rela-

tions, as function of Mach number, are presented in tabular form in ref-
erence 9.

Equations (6) and (7) can be handled conveniently by using readily

computed stagnation conditions, instead of static conditions, and using

the tables of reference 9; therefore, no charts are deemed necessary to

determine state conditions and Mach numbers. Charts for the solution of

equations (1) to (5) and the vector relations are presented herein.
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FORMULATIONOFCHARTS

Radial Equilibrium

In order to calculate the vector diagrams for an axial-flow turbo-
machine, it is necessary to satisfy the radial-equilibrium condition
given as equation (i). For the purpose of preliminary design analyses
and, in someinstances, even for the final design procedure_ it is possi-
ble to simplify the equation.

Inasmuch as the equation is usually applied betweenblade rows, the
blade force term f is zero. If the entropy gradient _S/_r is assumed
zero and the streamline curvature is assumedsmall so that the change in
radial velocity in the axial direction _Vr/_Z can be neglected, equa-

tion (i) can be written

8H V2 verve VzSVz
= --+ +gJ r 7

(s)

Equation (8) is the isentropic simplified-radial-equilibrium equation
that is widely used in the design of axial-flow compressors and will be

put in chart form.

Integration of equation (8) between any radius r and the radius

at which all values are known r i gives the following:

_r °

r l V2 _r + V2'i - V2 Vz2 i2- Vz2
gJ(H i - H) = 7 2" + '

(9)

If the absolute tangential velocity Ve is expressed analytically as a

function of radius r, the integral in equation (9) can be evaluated ana-

lytically and the equation solved for any desired variable. However, it
is sometimes impossible or undesirable to use a distribution of tangen-

tial velocity that makes equation (9) convenient to apply.

If it is assumed that V_/r is linear with respect to r over the

interval r i - r, equation (9) can be written

[<_) + _] (ri- r)+ V2,i - V_ (10)2gJcp(Ti-T)+ -v ,i= i

co
_o
_o
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Go

With a rearrangement of terms, equation (i0) becomes

2gJcp(Ti - T) +V2 -V2V2,i z,i = 2 II V2IV2,i/
(ii)

Equation (ii) is presented in graph form in figure i. In the first quad-

rant, the tangential velocity ratio Ve/Ve, i is plotted against the

right side of equation (ii) with the radius ratio r/r i as a parameter.

Then, with V8_ i as a parameter in the second quadrant, the numerator of

the left side of equation (ii) appears as the abscissa. Therefore_ if

the tangential velocities are known at two radii, use of the first two

quadrants of figure i will give a value for

2gJop( i -T)+v[-v[,i:B

If the radial interval is sufficiently close for the approximation of

linearity between V_/r and r, the value of B will be that required

to satisfy isentropic simplified radial equilibriumbetween radial sta-

tions r i and r. For convenience, let

2gJcp(T i - T) = 12,170(T i - T) = C (12)

Then

-v ,i: -c (13)

The third quadrant of figure I is a plot of B - C against V z

with Vz, i as the parameter. The abscissa of quadrants II and IIl,

then, represents two values, depending on which quadrant is being used.

When used with the second quadrant, its value is B; when used with the

third quadrant, its value is B - C. If the temperature gradient is

known, C can be calculated by the use of equation (12). This value is

subtracted from the value of B 3 determined by use of the first two quad-

rants of figure I, and the difference (B - C) is used as the abscissa of

the third quadrant together with the known value of axial velocity Vz, i

to determine the value of axial velocity V z at radius r.

Although the use of figure i has been discussed on the basis of

known tangential velocities and temperatures at all radii and solving

for the axial velocities, it is obvious that the chart can also be used
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with other assumptions• For example, the axial velocities and tempera-
tures can be assumedat all radii and the tangential velocity assumedat
one radius. The tangential velocity required to satisfy radial equilib-
rium at all other radii can then be obtained from the chart• In other
words, figure I maybe used to determine any independent variable of
equation (ii).

The accuracy of the method of utilizing figure i is limited only by
the assumption of linearity of V_/r with respect to radius• For wheel-
type rotation, for example, V_/r is linear with radius; therefore, good
accuracy can be expected regardless of the size of the interval r i - r.
However, with nonlinear radial variations of V_/r, the accuracy of the

results obtained from figure I will depend on the interval used. For

this reason, a small radial interval is recommended.

In order to illustrate the effect of the radial interval on the ac-

curacy of the results of figure I, axial velocities were read using 3

and 7 radial positions. An arbitrary, nonlinear radial distribution of

V_/r was assumed• The distribution of tangential velocity is a combi-

nation of constant, wheel_ and vortex rotations• The assumptions and

results are as follows:

co

_D

r_ rt

Ve = 2400 - 900 rt - 900 -_-

rh dT
m = 0.5_ = 450_ -- = 0
rt Vz,t dr

r ! V e
r l

t I

I
I

1.0 600
.9 590

.8 555

•75!525

.71484

.6! 56o
•5 150

',alcu!ated

V z

45O

538

638

691

744

846

921

S-Point chart

procedure

v_ _Percent

error

45O I

----_ I ------

685 I 1.2

910 1 I•2
..L

7-Point chart

procedure

._ Percent

error

450 i ---

556 ! 0.4

656 ! .3

691 I 0
! .l

844 .2

921 0



NACARMES6BOZa 219

c_
C_

As the table shows, even with the larger radial interval the errors in

axial velocity are only 1.2 percent; however, with the 7-radial-position

procedure_ the error is reduced to a maximum of 0.4 percent. It should

be noted that the radial intervals used in the 7-position procedure are

not all equispaced; an extra position was used at r/r t = 0.75. The

error in the region of this smallest interval was 0.i percent. Thus_
extremely good accuracy can be obtained by the use of the radial-

equilibrium chart, even with nonlinear distributions of V_/r, if small

radial intervals are used.

(]

_o
co

Continuity

Another condition that must be satisfied, in addition to the radial-

equilibrium condition, is continuity of flow:

jh rtwk = 2mKbk pgVr cos _ dr (2)

The use of the boundary-layer blockage factor Kbk in compressor design

is discussed in chapter VIII. From the equations of state and Mach number

and the adiabatic relations_ the following equations can be obtained:

1

pg = _-_ l+ M (14)

and

MVTm 

VI + _ M 2

(15)

Substituting equations (14) and (15) into the continuity equation (2)
produces the following expression:

_rl t

Wk = 2_J(bk _/_ PM cos _ y+l rdr (16)
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Writing equation (16) in terms of equivalent weight flow,

?rt[ Tg Ps_ M c°s P ._

Ii , ....... i

\ 5 /k k2rhl L )_[_-i)j'asT,Ii + ._ M? ---_-=_-"

r dr (17)

The part of the integrand in brackets is the local value (value at radius

r) of equivalent weight flow per unit annulus area:

rg M cod (18)
5Aan _ = y+l

The first quadrant of figure 2 is a plot of equation (18). The

local value of equivalent flow per unit annulus area is plotted against

absolute resultant Mach number for constant values of absolute flow

angle. Local values of equivalent flow per unit annulus area can be

determined from figure 2 for all radii at which the vector diagrams have

been determined; then, the continuity value of equation (17) becomes

{w___ = 2_Kb k r dr (19)
\ 5 Jk \SAan/_

The integral can be evaluated by a graphical or mathematical procedure,

and either the continuity value of equivalent flow, the tip radius, or

the hub radius can be calculated, depending on which conditions are

given.

If the radial gradient of (w%/_/SAan) Z is small, sufficient accu-

racy in evaluating the integral can be attained by using either an ar-

ithmetic average or the mean-radius value of local equivalent flow per

unit annulus areas. This_ of course, means that the hub and tip diame-

ters must either be known or assumed. The continuity value of the flow

per unit annulus area then becomes

/w,_ = Kbk(SAan)Z\SAanA ,av
(20)

The annulus area of the compressor in terms of the frontal area and hub-

tip radius ratio is given by

co
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\rt/ J

Combining equations (20) and (21) gives

(2L)

co

or

\rt/ J

5A F - \rt/

(22)

Equation (22) is plotted in the second quadrant of figure 2, with

w%/_/6Aan as the ordinate, w_/_/SA F as the abscissa, and rh/r t as the

parameter. After determining values of (w_/SAan)Z at all radii at

which the vector diagrams have been calculated, (w_/SAan)k is computed

from equation (20). Then this value is used in the second quadrant to

find the value of rh/r t for a given value of w%/_/SA F. If the specif-

ic weight flow w_/_/SA F is specified at one axial station (i), the

value at any other axial station (2) is obtained as follows:

\ /av\rt,l/

(23)

where (T2/Tl)av and (P2/Pl)av are arithmetically averaged values across

the annulus.

If the value of hub-tip radius ratio determined by this procedure is

greatly different from the value assumed for the purpose of averaging the

local values of flow per unit annulus area in equation (20) and the tem-

perature and pressure ratio in equation (23), it will be necessary to
repeat the procedure with a new assumed radius ratio.
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By proper use of figure 2 and equations (20) and (2S), the conti-

nuity requirement, with any consistent set of assumptions, can be met.

Use of the charts and equations is shown in a specific example later in

this chapter.

Energy Addition and Efficiency

The energy addition across a rotor blade element is a function of

both the change in tangential velocity and in blade speed across the

blade row. The magnitude of the energy addition is given by Euler's

equation as

gJcp(T2 - Tl) = U2Ve, 2 - UlVe, 1 (3)

or

gJCp(_ 2 - T1) : Ul(Ve,_. - ve, l) + ve,2(u 2 - u l)

Solving equation (2A) for the temperature ratio T2/T I across the

blade element gives

T2
--=i.0+
TI gJCpTl

Uz(Ve, 2 - re, 1) + va,2(u2 - ul)

co

t,o

or, by using equivalent velocities,

T2 \4-o7/ \ q -f/
--=i.0+ +
T I gJcpT s_ gJcpTs

(25)

where

AV O = Vo; 2 - Vo; I

and

AU = U 2 - U I = _(r 2 - rI)

The last term on the right side of equation (25) is the contribution to

the temperature ratio of the change in radius across the blade element;

therefore, if the design is carried out on cylindrical stream surfaces

(rI = r2) , equation (25) can be used in the following form:
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h_
D_

= 1.o + (26)gJcpTsz

Equation (26) is plotted in quadrant I of figure 5 wlth T2/T 1 as a

function of AVe/_l for constant values of U1/_l.

If there is a change in streamline radius across the blade element,
figure 3 can still be used directly to determine the temperature ratio

because of the change in tangential velocity. The contribution to the

temperature ratio of the change In radius across the blade element can

be obtained either by calculating the last term of equation (25) or by

obtaining it from the chart, and adding this value to the temperature

ratio previously obtained from the chart result based on U1/_/_ and

AVe/q/_l. In order to use the chart for obtaining the last term of equa-

tion (25) the abscissa is considered as AU/_r_ and the parameter as

Ve,2/q/_ 1. The ordinate will then be the value of the last term of equa-

tion (25) plus l_ therefore, 1 should be subtracted from this value be-

fore it is added to the first two terms of equation (25).

or

If

The chart can also be used for any change in radius if either VS, 1

Ve, 2 is zero. If Ve,1 = 0, then U = U 2 and _Ve = Ve, 2; and,

Ve,2 = 0, then U = U 1 and AVa = Ve, l"

The second quadrant of figure 5 gives pressure ratio as a function

of temperature ratio and adiabatic temperature-rise efficiency. The re-
lation Is as follows:

P2 T2 T-1

P1 ad - 1.0 + l. (27)

In compressor design it may be mo_re desirable to specify a value of rela-

tive pressure-loss coefficient _ instead of a blade-element efficiency.
A discussion of the relative pressure-loss coefficient and its use In

compressor design can be found in chapters VI and VII. If a relative
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pressure-loss coefficient is used, the adiabatic temperature-rise effi-
ciency can be obtained from the following expression:

_ad =

T1

ii r12 r i

- 1.O

T2
--- 1.O
T1

(_8)

Vector Relations

The constant use of the relations between velocities and angles in

the compressor velocity diagram warrants a chart regardless of the sim-

plicity of application. Construction of the chart can be illustrated by
inspecting the following two relations:

Vz2+ =v2 (29)

and

V 8 = V z tan 6 (50)

From equation (29) it can be seen that, if V z and V e are used as rec-

tilinear coordinates, constant values of V will be concentric circles

with V e = V z = 0 as a center. Using the same coordinates, a plot of

equation (50) would produce a family of straight lines going through the

origin (Ve = V z = 0). The angle between these lines and the V z axis

would be equal to the value of _.

Such a vector chart is shown in figure 4 with Vz as the abscissa

and V e as the ordinate. Obviously, relative values of the velocities

and flow angle can also be used in the chart. Further, the coordinates

can represent Mach numbers if the decimal point is changed for the val-

ues appearing in both axes.

Diffusion Factor

A blade-element-loading criterion for axial-flow cQmpressors is

developed in reference 8. The application of this loading criterion to
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o_
o_

blade elements in cascades and in compressors is presented in chapters

VI and VII. The loading criterion, or diffusion factor, in the form

usually applied is given by the following expressions:

v_ Av_
D : i -v-r +2ov--V (31)

The diffusion factor can be used in two ways in compressor design:

(1) With the vector diagrams known, the diffusion factor is computed

and the energy losses across the blade element are estimated from data

such as presented in chapters VI and VII; or (2) a limiting value of

diffusion factor is prescribed and the conditions required to satisfy

the assumed diffusion factor for given inlet or outlet conditions are
calculated.

Although equation (31) is in satisfactory form for the first of these

purposes, it is not directly applicable for the second purpose. In order

to put equation (51) in a form that can be used to determine conditions

for a prescribed diffusion factor, it can be written in terms of flow an-
gles and axial velocities:

(Vz,2](c°s _l I (Vz,1 tan _l - Vz,2 tan _2 11 - D : \v-j._,Utc-C__ - 2<,Vz,1 cos_l

In the application of this equation, flow angles are always taken rela-

tive to the blade row under consideration.

A rearrangement of terms produces the following expression:

_ID)_ tan _i] Vz_2 I ° tan_2.]+ (52)LCOS 2 = Vz, I

Equation (52) is readily adaptable to chart form. The terms in brackets

on both sides of the equation are identical with _I substituted for

_2 and _(i - D) substituted for o; therefore, a single family of

curves can be used to represent each function inside the brackets. The

ratio of the two functions will be equal to the axial velocity ratio

across the blade row. In order to simplify the expression, let

and

Then,

X = G,(.I- D) tan _i
cos _i + 2 (_3)

y _ a tan _2+ _ (_)
cos _2 2

: x (3s)
Vz,l Y
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Figure 5 is a plot of X as a function of _i for constant values of

_(i - D). The same family of curves represents Y as a function of _2

for constant values of o. Figure 5 and equation (55) can be used for

the solution of equation (32) for any desired parameter. The use of fig-

ure 5 to compute diffusion factor with the velocity diagrams known and to

compute the discharge flow angle for given diffusion factor_ inlet con-

ditions, and axial velocity ratio_ is shown in the following example.

EXAMPLE

The procedure in using the charts is best illustrated by an example

of the design of an axial-flow-compressor stage. The stage design assump-

tions were made so that they would provide a stringent case for the charts

and also to illustrate as many uses of the charts as possible. The axial

and radial station designations and a typical vector diagram are shown in

figures 6 and 7_ respectively. The design assumptions and calculation

procedure are as follows.

Compute the vector diagrams, pressure ratio_ temperature ratio_ Mach

number_ and diffusion factor at five equispaced radial positions and the

passage shape for an axial-flow-compressor stage consisting of rotor and

stator blade row to meet the following specifications:

Assumed design parameters:

Parameter

(w %/_/SAF) i

Mz_l

Mt_l

rt_l

rt_ 2 = rt_2a

rt,3a

(Vz,JVz,l)t

(V ,3dV ,2a)t

Ve, I = Ve, Ba

_ad, R

Design value

35.0 (ib/sec)/sqft

0.6

1.2

I.50 ft

1.42 ft

1.41 ft

i.i

1.0

0

0.92

Parameter

d /ar

DR,t

DR,h

DS_h

OR_t

aS,t

T I = Tsl

PI = PsZ

Design value

12° R/ft

0.35

0.6

-<0.6

1.0

0.7

0.98

0.02

518.7 ° R

2116 Ib/sq ft

Blade chords constant from hub to tip
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Calculated design parameters:

Parameter Procedure Value

cD

9
CO

_o

AF, i

6Aan/Z, i

8Aan _, 1

rh, I

(a/aah

a 1

Vz, i

V'
tjl

v }
0,t_l = Ut,l

t,l

qR,t (1 - DR, t)

_rt2,1 = _(i.5) 2

5AF /i AF'I = (55)(7.069)

Mz, 1 = 0.6, _i = Oj and fig. 2

Ok(6Aan)7,,i = (0._8)(4i.6)

i:A_ _ 40.8, f!___£_
8Aan/k, 1 \SAF /1 : 55.0,

and fig. 2

(r<) = (1.5)(0.578)rt, 1 1

Mz, 1 = 0.6 and ref. 9

(Taa) = (ii16)(0.9658)aa, i i

a t Mz, 1 = (1078)(0.6)

a i M' = (i078)(i.2)
t,l

Vz, I = 647, V' = 1294, and fig. 4t,l

i.o (i.oo- 0.35)

dR, t (1 - DR, t) = 0.65, j3' = 60,t,1

and fig. 5

2.1 
Vz,i/t = i.i

7.069 sq ft

247 ib/sec

41.6 (lb/sec)/sq ft

40.8 (ib/sec)/sq ft

O. 578

0.567 ft

0.9658

1078 ft/sec

647 ft/sec

1294 ft/sec

61120 ft/sec

0 o

0.65

2.16

1.96
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Calculated design parameters - concluded:

Parameter

t,2

Vz_t,2

v }e_t,2

V'
t,2

Ut, 2

Vs,t, 2 = AV0, t = AV$, t

AT t

Procedure

Y = 1.96, OR, t = 1.0, and fig. 5

Vz, 1 \Vz,I/t

V' = 712_ _' = 46.3,
z_t,2 t,2

and fig. 4

(r2)t {1.42_Ut, 1 711 = (1120) \T--.-.-._/

Ut, 2 V_,t, 2 = i060 - 744

Ut32 = 1060, AVs't = 316, _ = 1.0,

and fig. 3

T<_llt = 1.1061, had_R = 0.92,

and fig. 3

_t,2 - Tt,1 = _mL\_z/t - i.

= 518.7 (i.i061 - 1.0)

Value

46.3 °

712 ft/sec

74A ft/sec

1028 ft/sec

1060 ft/sec

316 ft/sec

1.1061

1.386

55.03 ° R

_3



Vector-diagram calculation:

Step Parameter

i r I

2 Ul = V_, I

6 r 2

7 Am

8 T 2

T 1

9 U 2

ii P2

P1

Known design

condition

rt, I = 1.50

rh, 1 = 0.567

Ut, 1 = 3-].20

rt, I = 1.50

V = 6&7
z,1

aI = 1078

rt_ 2 = 1.42

rh,2=rh,l =0-567

&T t = 55.05

\_I =

T I = 518.7

Ut_ 2 = 1060

rt_ 2 = l.&2

e 1 = 1.0

qadjR = 0.92

Procedure

rt/i

Vz,l_ Ul_ and fig. A_

AT
--+i.0
TI

\rt / 2

U 2 T 2
and fig. 5

_l _ TI J

T2

T-_' qad,R_ and fig. 5

Tip

1.500

1120

1294

60.0

1.200

1.420

55.03

i.i061

1060

516

1.586

Radial position

b Mean

1.267 1.034

946 772

1144 1006

55.6 50.O

1.O61 0.955

1_207 0.994

52.47 _9.92

1.1012 1.0962

901 742

355 409

1.566 1.346

c Hub

0.800 0.567

597 423

879 772

42.7 53.l

0.815 0.716

0.780 0.567

47.55 44.79

1.0915 1.0864

582 423

496 645

1.526 1.508

(-_

Oq
o_
bJ
0



Step Parameter Knowndesign Procedure
condition

12

13

14

_i_2

B2

15 C2

16 (V2 . Vzz,i)2

17 Vz_2

18 V'e,2

_19 v_
L2o _

25 (_2

24 ½

Vz,t, 2 = 712

a = lll6

2 2

Examp oat 2='V 7c4

-- _ Ve,2,i, and fig. i

e, 2 r 2

12,170 (ZITi - AT) ......

(_ - c)2 ......

(v_-v_,i)2,Vz,2,i,and_ig. 1 712

(u - %)2 744

Vz_2_ V_2, and fig. 4' 1028
46.5

Vz,2, Ve_2, and fig. 4] 778
( 25.8

J

a--a) and ref. 9
2

Radial position

Tip b Mean c Hub

...... 0.85 0.82 0.78 0.73

0.6629

0.694=

1.125

0.O12XlO 6

O.OSiXlO 6

-O.O19XlO 6

1.152

0.021%106

O.051XlO 6

-0.OlOXl06

1.213

0.025×106

O.051XlO 6

-0.O06XlO 6

1.500

O.050XlO 6

O.051XlO 6

O.OlgXlO 6

696

5_6

885

58.2

780

27.0

0.666Z

0.698

688

535

765

25.8

800

50.6

0.68_7

0.719

685

86

689

7.0

84-5

36.0

0.7251

O. 764

698

-222

752

-17:6

949

42.7

0. 8159

0.876

O

O7
O_

O
C_
m



_ Parameter

26 _,

(_k,2

27
\s4' /2

28 frh\

t<)2
29 r2a

30 _z,

Q_k, 2a

31 (_2a

32 r(_tl 2 a

33 r2a

Known design

condition

Kbk = 0.98

qSAF /i 35

rt, I = 1.50

rt, 2 = 1.42

rt_2a=rt,2 =1.42

Procedure

M2' _2' and fig. 2

wKbkk--  
\SAan/Z,2

/P2 ,rt_2 2

5ian/k,2,av' \ OAF /2,av'

From plot of /;_"

r 2 (step 6) read at

(step 26) against

r2a (step 29)

From plot of {w____ (step 27) against

\_F/_

rt,2a = 1.42

r 2 read at r2a

zuz__l and fig. 2
\ 5Aan/k, 2a,av' 2a,av'

Tip

41.2

40.4

29.6

0.450

29.6

0.460

1.420

Radial position

40.2

39.4

30.0

30.0

1.228

Mesh

59.3 37.8

58.5 37.0

30.4 30.8

c Hub

55.8

55 .i

31.1

1.030

_.7

50.5

1.057

30.7

O. 659

35.8

31.0

0.653

01
(D
t_
o
O_

O_



StepI Parameter
I

T2a T3a

34 T=Tq-

P2a
55

P1

J
56 V0,2a

137 Vz,2a

38 _2a

_39 M2a

40 V2a&l B2a

42 _R,av

43 y

44 X

Knmm design
condition

OR, t = 1.0

rt, I = 1.50

rt,2a = 1.A2

Vz, 1 = 647

Procedure

Using value of r2a from step 35 repeat

steps 50 to 33 until consecutive values

of in step 32 agree
2a

T2 P2

From plots of TI,- PI'--V8'2' Vz'2' _ and

M 2 against r2 read at r2a (final)

Vz,2a, V0,2a , and fig. 4

J

frt,1+rt
_R,t \ rl + r2a i

_' and fig. 5_R1av _ 2a _

\Vz-VVJ

Tip

1.1061

i.386

I 316

712

i
46.3

J o. 694

778

23.8

1.O0

1.96

2.16

1.1017

1.368

350

697

39.2

0.697

780

26.6

1.17

1.91

2.06

Radial position

Mean

1.0973

1.350

597

689

28.5

0.712

794

30.0

1.41

1.89

2.01

1.0929

1.332

463

6_

13.i

0.744

824

_.0

1.78

i.9_

2.05

Hub

i.0885

i.315

579

689

-6.7

0.822

• 900

40.0

2.39

2.54

2.49

rO

O]

0

m

_A



#
Step

45

¢6

¢7

48

¢9

5O

51

52

55

5¢

Parameter

C3a

MSa

( )2a

Psa

P1

an/Z, 3a

Known design

condition

T 1 = 518.7

Ve,¢a = 0

•". Bsa = 0

Vz'Za] = 1.0

Vz_2a/t

aa, I = ii16

_S = 0.02

_3a = 0

Procedure

!

X, _l_ and fig. 5

1.o -[ _R,_v(l"_)-

t (/R,av

1 , 7o { sal
k_z /i

(B - C)sa

\TI /_

(v[ 2- Vz,i)Sa, Vz;sa, i , and fig. I

V3a

aa,lV T-_ -

(a_) and ref. 9
3a

M2a and ref. 9

Tip

0.76

0.35

Radial position

Mesffl

i .80

0.25

P1 io % l O_p2ad
w

M3a_ _3a, and fig. 2

0.65

0.35

712

I b

0.028Xi06

-0.028X106

691

0.028XI06

1.17

0.54

0.028XI06

-0.028X!06 -0.028X106

670 650

Hub

0.028X106

-0.02_ 106

629

0.6067

0.650

0.72¢8

1.378

¢2.8

0.5899

0.612

0.7229

1.560

_2.0

0.5732

0.595

0.7132

1.342

41.3

0.5572 0.5402

0.575 0.557

0.6925 0.6417

1.524 1.306

40.5 59.7

C]

Cq
O]
bJ
O



-Step

55

56

57

58

59

60

61

62

65

64

Parameter

I_k_ 3a

\_AF/3a

r5a

3S_v

Y

X

i

_S,av(! - DS)

DS

had

' _o,_ d;sign........
condition

Kbk = 0.98

A
rt, I = 1.50

rt, sa = 1.41

rt,3a = 1.41

OS, t = 0.7

rtj2a = 1.42

rt,sa = 1.41

BSa = 0

Procedure

1

-.._h /w___h , and fig. 2

6A_;_Jk,_a,av'iSA_/_,av

_t,2a + rt,sa_

qS,t\ r2 a + r5 a /

Tip

41.9

30.2

0.48&

b

41.2

50.6

i .228

0.81

Radial position

Mean

40.5

50,9

1.046

0.95

59.7

31.3

i .16

1 .i0

JS,av' _Sa, and fig. 5

y(Vz,3a]
Vz,2a/

X, _2a _ and fig. 5

i %,av

Psa T5a
-- -- and fig. 3
P1 ' TI '

0.70

0.70

0.4&

0.37

0.904

0.81

0.80

0.902

0.95

4
I

0.92

0.54

0.45

0.900 0.899

Hub

58.9

51.6

0.682

i._8

t
L
1

i. 48

i. 55

!
0.72

0.51

0.896

_O

#.
9..

(..q
ob

0
0,1

I'8£¢.
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COMPARISON OF CHART AND CALCULATED VALUES

The more important parameters obtained by use of the chart procedures

are summarized in the following table. The analytically calculated values

of the parameters are also given for comparison and an indication of

accuracy:

c]

c_
O

o

09

Parameter

MI

2a

_2a

Vz_2a

M2a

Vz35a

Msa

DS
Tsa/T I

PsJPI

(rh/rt) I = O.378

(_h/rt)2a = o.46o

(rh/rt)sa = 0.484

Chart procedure

Radial position r

Tip b I Mean r c Hub- Tip I b

1.2_ 1.061_0.9551 01815 0.716 1.2001 1.064

60.0 55.61 50.0[ 42.7 53.1 60.01 55.7

46.5 59.21 28.51 15.1 -6.7 46.51 39.8

25.8 26.61 50.0[ 34.0 40.0 24.01 26.6

712 697 689 I 684 689 712 I 6971

.694 .6971 .712} .744 .822 .695] .697i

• 55 .55 .551 .34 .25 .551 .351

712 691 670l 650 629 712J 692]

•650 .6121 .5931 .575 .557 .630[ .612]

• 57 .40 .45[ .46 .51i .581 .59]

1.1061 L.lOl7 11.097511.0929 [.08851 1.1066 1.10211

1.578 1.560f 1.3421 1.524 1.3061 1.580 1.560[

(rh/rt) I = 0.577

(rh/rt)2a = 0.471

(rh/rt)3a= 049S

Analytical calculation Parameter

Radial position

Mean c [ Hub

0.9_ 0.817 _ 0.717

50.0 42.7 55.2

29.1

29.9

6861

.710

.35

671

.594

.42

1.0976

1.342

15.4 -5.1

34.1 59.7

679 678

.740 .804

.55 .25

648 625

Mi

2a

_2a

Vzj2a

M2a

DR
Vz,3a

.574 .555 MSa

.45 .5lID S

[.0928
1.08821T5a/T 1

Comparison of the values in the table indicates that good accuracy can

be obtained with the charts. The largest differences in axial veloc-

ities and resultant Mach numbers were about 2 percentj occurring at the

hub of the rotor-discharge station. At all other stations the differ-

ences were less than 0.7 percent. The flow angles agreed within 0.6 ° at

all stations except the hub and c positions at the rotor discharge_ where

the chart values of the relative flow angles varied 1.6 ° and 2.5 °, re-

spectivelyj from the analytically calculated values. The passage areas

obtained by the chart procedure were within 1.4 percent of the analyti-
cally calculated areas.
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Figure 4. - Chart for vector relations.

(A large copy of this chart may be obtained by using the requeat card bound in the back of the report.)
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Figure 7. - Vector diagram for %ypical stage. _i = _Sa = O.
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CHAPTER X

PREDICTION OF OFF-DESIGN PERFORMANCE OF MULTISTAGE COMPRESSORS

By William H. Robbins and James F. Dugan_ Jr.

SUMMARY

Three techniques are presented for estimating compressor off-design

performance. The first method, which is based on blade-element theory,

is useful for obtaining only a small part of the compressor map over

which all blade elements in the compressor operate unstalled. The second

method, which involves individual stage performance curves and a stage-

by-stage calculation 3 is useful for estimating the performance of a com-

pressor for which reliable stage performance curves are available. The

third method, which is based on over-all performance data of existing

compressors, may be used to estimate the complete performance map of a

new compressor if the compressor design conditions are specified.

INTRODUCTION

The availability of good analytical techniques for predicting per-

formance maps of designed compressors reduces costly and time-consuming

testing and development and in addition aids in selecting the best com-

pressor for a given application. Specific information that is required

to achieve these goals is the relation between the stall-limit line and

the operating line and th6 variation of efficiency and pressure ratio

along the operating line. Therefore_ one of the goals of compressor re-

search is to obtain reliable performance prediction methods. This prob-

lem, which can be considered as an analysis of off-desigd compressor per-

formance, is one of the most difficult tasks facing the compressor designer.

Off-design performance is defined as the performance of the compres-

sor at flow conditions and speeds other than those for which the compres-

sor was specifically designed. The off-design analysis differs from the

design case in that the compressor geometry is given and the object is

to find the compressor-outlet conditions for a range of speeds and weight

flows. It is sometimes referred to as the "direct compressor problem,"

whereas the original design is called the "inverse" or "design problem."

The design problem is discussed in detail in chapter VIII.
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Prediction of off-design performance is considered in this chapter.
A typical compressor performance map is shownin figure 1 with the design
point and the stall-limit or surge llne indicated. The regions of the
performance map that are discussed herein are those to the right of the
stall-llmit line along lines of constant speed3 in other words, the com-
plete compressor map. Three techniques for predicting off-design per-
formance are presented.

In the first method, compressor performance is obtained by first ra-
dially integrating compressor blade-element data to obtain blade-row per-
formauce. The performance of successive blade rows is determined by uti-
lizing the computedoutlet conditions of one blade row as the inlet
conditions to the following blade row until complete compressor perform-
ance is obtained. This type of solution for compressor off-design per-
formance, of course, requires a rather complete knowledge of compressor
blade-element flow, radial integration techniques, boundary-layer growth_
blade-row interactions_ and the radial mixing process. Someof this in-
formation is currently available; although it is limited in many cases,
the amount is steadily increasing. For example, the axial-flow-compressor
blade-element theory and correlation results are given in chapters VI and
VII for cascades and single-stage compressors. By utilizing this type of
data, the performance of a compressorblade element can be determined.
Furthermore, the results of chapter VIII provide a meansfor radial stack-
ing of blade elements to estimate blade-row performance and axial stacking
of blade rows to determine design-point performance, provided adequate
blade-element performance data are available. This information can be
applied to the off-design problem and is discussed in detail herein.

The second method is somewhatmore simplified than the first, in that
the average performance of each stage is obtained and the stages are axi-
ally stacked to acquire the compressor map. Therefore, neither blade-
element data nor radial integration is necessary to obtain a performance
mapby this method. The success or failure of the technique depends upon
the accuracy of the individual stage performance curves used for the com-
putation of over-all performance. This method is used in the analyses of
multistage-compressor performance in references 1 to 6 and in chapter
XIII (ref. 7).

The final method of predicting multistage-compressor performance that
is discussed in this chapter is based on data obtained from over-all per-
formance mapsof previously designed compressors. It is considerably more
simplified than the first two methods, because there are no integration
procedures or stage-stacking techniques involved in the computation of
performance maps. This method was first proposed in reference 8 and was
subsequently used in the analysis of two-spool compressor performance in
reference 9. In the present chapter, data from several multistage com-
pressors are correlated, so that it is possible to obtain a complete per-
formance mapfrom knowncompressor design conditions by meansof a few
simple and short numerical calculations.

CO
O_
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Essentially, the purpose of this chapter is to review the methods

currently available for predicting multistage-compressor performance.

Although the techniques apply primarily to fixed-geometry compressors,

they may be adapted to study operation with variable geometry and bleed.

The advantages, disadvantages, limitations, and applicability of each
method are discussed.

_o
co

A

a

e
P

g

H

J

Kbk

M

N

P

R

r

S

T

t

U

V

w

Y

SYMBOLS

The following symbols are used in this chapter:

area, sq ft

speed of sound, ft/sec

specific heat at constant pressure, Btu/(lb)(°R)

acceleration due to gravity, 32.17 ft/sec 2

total or stagnation enthalpy, Btu/lb

mechanical equivalent of heat, 778.2 ft-lb/Btu

weight-flow blockage factor

Mach number

rotational speed, rpm

total or stagnation pressure, lb/sq ft

gas constant, 53.3S ft-lb/(lb)(°R)

radius, ft

entropy, Btu/(lb)(°R)

total or stagnation temperature, OR

static or stream temperature, OR

rotor speed, ft/sec

air velocity, ft/sec

weight flow, lb/sec

coordinate along axis, ft
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5

0

P

air angle, angle between air velocity and axial direction_ deg

ratio of specific heats

ratio of total pressure to NACA standard sea-level pressure of

2116 ib/sq ft

boundary-layer displacement thickness

efficiency

ratio of total temperature to NACA standard sea-level temperature

of 518.7 ° R

density, lb-sec2/ft 4

flow coefficient

pressure coefficient

Subscripts:

a

ac

ad

adz

b

d

h

i

id

in

m

out

r

ref

S

sZ

stagnation conditions

actual conditions

adiabatic

annulus

backbone

design

hub

reference position, radial station where variables are known

ideal

compressor inlet

mean

compressor outlet

radial direction

reference

stall limit

NACA standard sea-level conditions

Go
O_
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uO

t

Z

e

0,I,

2,3

tip

axial direction

tangential direction

station numbers (fig. 2)

Superscript:

' denotes conditions relative to rotor blade row
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METHODS OF PREDICTING OFF-DESIGN PERFORMANCE

Blade-Element Method

Blade-element theory is used extensively in the compressor design

technique (ch. VIII). Compressor blades are evolved by a radial stacking

of a series of blade sections or blade elements to form the complete

blade. The theory proposes, therefore_ that the blade-row characteris-

tics can be determined if the performance of each blade element is known

and that over-all compressor performance can then be obtained by an in-

tegration of the performance of each blade row. In this section, blade-

element theory is applied to solve the off-design problem.

Basically, the solution for the off-design compressor performance

proceeds as follows: From specified inlet conditions and blade geometry,

the outlet conditions are computed from a knowledge of the flow about

blade elements and with the conditions that continuity and radial equi-

librium must be satisfied. Allowances must be made for boundary-layer

growth, blade-row interaction effects, and radial mixing of blade wakes.

The approach is admittedly an idealized one at present, since much of

the information (blade-element losses at off-design operating conditions,

boundary-layer growth, interactions, and radial mixing of blade wakes)

required to carry out this calculation is not currently available. The

general method is presented, because it has the greatest potentiality for

providing a picture of the internal-flow mechanism through a compressor

at off-design operating conditions. A method for computing the perform-

ance of a complete compressor stage (inlet guide vanes, rotors, and

stators) is outlined; recourse is made to the equations and techniques

for radial stacking of blade elements presented in chapter VIII. The per-

formance of successive stages can be determined by utilizing the computed

outlet conditions of one stage as the inlet conditions to the following
stage.
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Performance of inlet guide vanes. - Guide vanes are utilized to es-

tablish a specified prerotation at the design condition (ch. VIII). For

the off-design problem, it is necessary to determine the effect of changes

in weight flow and speed on guide-vane performance.

Experimental evidence indicates that the effect of variations of

inlet Mach number and secondary flows (caused by variations in weight

flow) on guide-vane turning angle is very small over the range of inlet

Mach numbers usually encountered in axial-flow-compressor guide vanes

(0.5 to 0.5). Also, changes in rotor speed have very little effect on

turning angle. Therefore, for the purpose of this analysis it can be

assumed that, for fixed-geometry guide vanes, the guide-vane-outlet angle

remains constant (the design value) for all values of speed and weight

flow if the subsequent rotor is operating unstalled.

With the guide-vane-outlet angle fixed, the outlet velocity distri-

bution may be computed. The radial variation of axial and tangential

velocity leaving an annular row of blades for steady axially symmetric

flow, neglecting terms involving viscosity, is expressed in chapter VIII

as follows:

8vrz
Jg _ =Jgt _ + V 8 _ + V z _ + 7- " Vz (1)

For flow across inlet guide vanes_ the total enthalpy is constant and

entropy variations along the radial height can be considered negligible
8s

in most cases, making 8H/Sr = 0 and t _-_ = O. In addition, experi-

mental data for guide vanes with small wall taper and relatively low-

aspect-ratio blading indicate that the effect of radial accelerations

and the radial velocity component can be neglected with little error.

Therefore, when equation (i) is integrated with respect to r, the fol-

lowing equation results:

Equation (2) can be utilized to express the axial velocity in terms

of outlet angle and radial position for zero radial gradients of enthalpy

and entropy and no radial velocity component. (Subscripts O, l, 2_ and 3

denote axial stations and are indicated in figure 2 on a schematic dia-

gram of a compressor stage. A typical velocity diagram is shown in fig-

ure 3.) In order to solve for values of axial velocity at all radial

positions, a value of reference axial velocity must be assumed.

The assumption of the reference axial velocity can be checked by

means of the continuity equation# since the condition that the inlet

weight flow equals the outlet weight flow must be satisfied. The con-

tinuity equation can be expressed as follows:

CO
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Wo= Wl = Kbk2_Pa_Og Pa,0 Vz_l r dr = 2_Pa30g Vz, 1 r dr
r _ rh+8* Pa, o

(3)

where

i

i "vl "2"IY-I
Pl _-i0 ,0=

for the case of inlet guide vanes.

From equations (2) and (3) an iteration solution is necessary to

solve for the correct axial velocity to satisfy weight flow. The area

blockage caused by boundary-layer growth is taken into account by the

limits of integration of eguation (3), so that values of (rh+5*) and

(rt-5*) correspond to the effective passage area rather than to the geo-

metric area_ or by the use of the blockage factor Kbk described in

chapter VIII. Experimental results indicate that the ratio of effective

area to actual passage area is approximately 0.98 at station i. Equa-

tions (i) to (3) do not consider guide-vane losses. Since little data

are available for estimating guide-vane losses_ it is difficult to ob-

tain a complete loss picture. However_ if at all possible, it is de-

sirable that a reasonable estimate of the losses be made. In some cases

a guide-vane over-all efficiency is assumed. Some information that may

be helpful in estimating losses is presented in reference i0.

Rotor and stator analysis. - With the guide-vane-outlet (rotor-inlet)

conditions fixed 3 the rotor-outlet calculations can proceed. The pro-

cedure for determining the performance of the rotor is more complicated

than that for the guide vanes_ and the following information must be

provided:

(i) Blade camber ]

(2) Blade angle I determined from blade geometry(3) Solidity

(4) Relative inlet-air angle ]
(5) Relative inlet Mach number} determined from inlet conditions

(6) Rotor speed J

With this information available, blade-element results similar to those

in chapters VI and VII are required to determine the turning angle and

therefore the variation of rotor-outlet air angle.
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In order to obtain an approximate velocity distribution at the rotor

exit# zero losses are assumed between stations 1 and 2 and simple radial

equilibrium with no radial entropy gradient is assumed at station 2. The

simple-radial-equilibrium equation can be expressed as follows:

_r 2

i (U-V z tan _')2

2Jgcp (T 2 - T2, i) + 2 r

where

JgcpT 2 = JgcpT 1 - UlVe_ 1 + U2(U - Vz tan _')2

As in the case of the inlet guide vanes, the variation of outlet axial

velocity V z can be determined by assuming a reference value of outlet

axial velocity Vz i" The assumption of Vz, i can be verified by means
3

of the continuity equation (eq. (5)), where

1

for the rotor blade row with no losses. The simultaneous solutions of

equations (3) and (4) for the rotor require a double iteration for axial

velocity. Solutions of equations of this type are readily adaptable to

high-speed electronic computing equipment.

The solution of equations (3) and (4) provides only a first approx-

imation to the rotor-outlet velocity distribution, because no allowance

for losses is included in the calculation. One way of refining this

calculation to account for losses is by the use of the equilibrium equa-

tion with the entropy-gradient term included. The equilibrium equation

with entropy gradient is given in chapter VIII and can be expressed as

follows :

CO
OD
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CO

2Jgcp(T 2 - T2, i) + 2_r_i

(U Vz tan p,)2- 2

r
dr + 2JgR t dr

(6)

A detailed discussion of the solution of equations (6) and (5) for the

design case is presented in chapter VIII. A solution of these equations

to satisfy the off-design problem is similar and requires detailed knowl-

edge of boundary-layer growth and blade-element losses over the complete

range of operating conditions. Although complete loss information is not

readily available at the present time, the relations between the diffusion

factor and blade-element losses (chs. VI and VII) might be used for op-

erating points in the vicinity of the design point. If a solution of

these equations is obtained, mass-averaged values of rotor over-all

pressure ratio and efficiency can be calculated.

The blade-element calculations for the stator blade performance are

similar to those for the rotor. Values of outlet axial velocity can be

determined by an iteration solution of equation (6) where the subscript

1 becomes 2, the subscript 2 becomes 3, and the term (U - V z tan p') be-

comes (Vz tan p). Continuing this iteration process blade row by blade

row through the compressor will ultimately provide the compressor-outlet

conditions.

Remarks on blade-element method. - Unfortunately, at present the

complete blade-element-flow picture is unknown. In the region near the

compressor design point, adequate blade-element data are available for

entrance stages. However, the variations of loss and turning angle have

not been established as compressor stall is approached. In addition,

boundary-layer theory does not as yet provide a means of calculating the

boundary-layer growth through a multistage compressor, and there are no

unsteady-flow results, blade-row interaction effects, nor data concern-

ing radial mixing of blade wakes that can be applied directly to compres-

sor design.

The preceding analysis reveals the gaps in our knowledge (particu-

larly off-designblade-element data) that must be bridged by future re-

search programs. In view of the length of the preceding calculation, it

probably is not justified at present unless a good estimate can be made

of the blade-element flow at off-design operating conditions. As stated

previously, the method is presented because it has the greatest potenti-

ality for providing a complete picture of the internal-flow mechanism



254 NACARME56BOSa

through a compressor at off-design operating conditions. Of course, one
obvious way of simplifying the calculation would be to carry it out at
only one radius of the compressor. This procedure would not be exact;
however, a qualitative picture could be obtained of the compressor oper-
ating characteristics.

Stage-Stacking Method

Over-all compressor performance for a range of speeds and weight
flows may be estimated by a stage-stacking method. The performance of
each stage of the multistage compressor is obtained and presented so that
its performance is a function only of its inlet equivalent weight flow
and wheel speed. For assigned values of compressor weight flow and speed,
the first-stage performance yields the inlet equivalent flow and wheel
speed to the second stage. A stage-by-stage calculation through the com-
pressor gives the individual stage pressure and temperature ratios, so
that over-all compressor pressure ratio and efficiency can be calculated
for the assigned values of compressor weight flow and wheel speed.

Stage performance. - Single-stage performance tests are convenient-

ly made at constant speed_ so that performance is very often presented

as plots of pressure ratio and adiabatic efficiency against equivalent

weight flow for constant values of equivalent speed. Such plots, how-

ever, are not convenient to use in applying the stage-stacking method,

and stage performance for this use is presented as plots of efficiency

and pressure coefficient against a flow coefficient. These dimensionless

quantities are defined by the following equations:

_id (7)
_ad - 2_ac

AHid

e = JgcpTs_Y (s)

(9)

Representative single-stage performance curves are shown in figure

4. These curves may vary in the multistage environment (ch. XIII (ref.

7))_ however, for undistorted inlet flow, stage performance generalizes

quite well for a considerable range of Reynolds and Mach numbers. The

stage characteristics at different speeds may be presented as a single

line (fig. 4) for relative stage-inlet Mach numbers up to approximately

0.75. An exception is made for stage operation at low angles of attack.

C_
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Even for relatively low values of relative stage-inlet Mach number, the

flow coefficient denoting a choked condition changes with wheel speed,

so that a family of curves is required in the high-flow-coefficlent

range. Stage performance for relative stage-inlet _ch numbers higher

than about 0.75 may be presented as a family of curves for the different

wheel speeds. Stage performance is influenced by flow distortion at its

inlet, but very little quantitative information is available.

Sources of stage performance. - The stage performance curves needed

for the stage-stacking method may be obtained from single-stage and multi-

stage testing or from theoretical calculations. The chief shortcoming of

the single-stage test data available to date is the lack of information

concerning radial maldistribution of flow and unsteady flow. Such in-

formation is needed to estimate over-all compressor performance by the

stage-stacking method; for example, at low wheel speeds, the inlet stage

of a multistage compressor operates stalled so that the inlet flow to the

second stage often is far from uniform.

Stage performance obtained from interstage data on multistage com-

pressors (see refs. 4, ll, and 12) includes specific amounts of radial

maldistribution of flow; for example, the stalled portions of the second-

stage curves are obtained for inlet flow affected by stall in the first

stage.

The difficulty in estimating stage performance from theoretical cal-

culations is concerned with the fact that the flow in a compressor is

three-dimensional, while the basic data normally used are based on two-

dimensional flow. Employing blade-element theory to obtain stage per-
formance involves all the difficulties discussed in the section entitled

Blade-Element Method. As before, the calculation breaks down when a

blade element stalls. A theoretical method of estimating stage perform-

ance along the mean line is presented in reference 8. Conditions at

the mean diameter are taken as representative for the stage. For stages

having hub-tip radius ratios lower than 0.6, reference 8 indicates that

some form of integration of the individual blade-element characteristics

(possibly by means of the blade-element method) along the blade height

should be attempted. An example of stage performance calculated from

mean diameter conditions is presented in appendix I of reference 8.

Stacking procedure. - In order to estimate the performance of a

multistage axial-flow compressor with a stacking procedure, the following
must be known:

(1) Stage performance curves of each stage

(2) Annulus area at inlet to each stage

(3) Mean radius at inlet to each stage

(&) Design value of absolute flow angle at inlet to each stage
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The over-all compressor performance can be calculated for assigned val-

ues of compressor-inlet equivalent weight flow W_l/51 and rotative

speed Um,1/_ 1. The value of flow coefficient into the first stage is

found from

(lo)
_i-

where the value of Vz,i/_ I is read from curves representing the fol-

lowing equation:

1

5Aan = _ - k_) 2JgcpTs_ cos

gps_ (ll)

The area term Aan in equation (ii) is commonly taken as the geometri-

cal annulus area. However, experience has shown that more realistic val-

ues of axial velocity are obtained from equation (ii) if effective annu-

lus area is used. In order to determine effective annulus area_ the

boundary-layer growth through the compressor must be known (ch. VIII).

Again_ information concerning the growth and behavior of the boundary

layer in an axial-flow compressor is required for the off-design case.

The first-stage performance curves yield values of _i and ql

that permit calculation of the first-stage pressure ratio and temperature

ratio from the following equations:

r

I /Aa'__ _----_7__1
PI + JgcpTs_J

(12)

(13)

O9
O_
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The values of equivalent flow and speed at the inlet to the second stage
are calculated from

tO

CO

8 3 51 P3

P1

(14)

(is)

Q

?
Oq
C_

The values of equivalent weight flow and equivalent wheel speed at the

second-stage inlet determine the value of the flow coefficient ¢3, so

that the second-stage pressure and temperature ratios may be calculated

from the values of ¢3 and q3" The stage-by-stage calculation is con-

tinued throughout the compressor, and over-all pressure ratio and effi-

ciency are calculated from the compressor-inlet and -outlet pressures

and temperatures. Thus, for any wheel speed, the over-all compressor

pressure ratio and efficiency can be calculated for each assigned value

of compressor weight flow.

In calculating a compressor performance map, some means must be

employed for estimating the surge line, which influences starting, ac-

celeration, and control problems. One scheme is to draw the surge line

through the peak-pressure-ratio points of the over-all performance map.

If the stage performance curves exhibit discontinuities, surge at any

compressor speed may be taken to correspond to flow conditions for which

a discontinuity is encountered in the performance curve of any stage.

Remarks on stage-stacking method. - The stage-stacking method may

be used as a research tool to investigate compressor off-design prob-

lems or to estimate the performance of an untested compressor. In ref-

erence 3, the stage-stacking method was employed to indicate qualitative-

ly the operation of each stage in a high-pressure-ratio multistage com-

pressor over a full range of operating flows and speeds, the effect of

stage performance on off-design performance_ the effect of designing for

different stage-matching points, and the effect on over-all performance

of loading exit stages and unloading inlet stages by resetting stator

blade angles. The part-speed operation for high-pressure-ratio multi-

stage axial-flow compressors is analyzed in chapter XIII (ref. 7) with

regard to the surge-line dip and the multiple performance curves that

exist in the intermediate-speed range. In both these references_

stage performance curves were assumed.
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The difficulty in estimating the performance of an actual compres-

sor lies in obtaining reliable stage performance curves. Use of stage

curves obtained from a given multistage compressor results in good per-

formance estimation of a compressor having similar stages and only a

slightly different over-all design pressure ratio. This is illustrated

in reference 5_ where the performance of a modified compressor is pre-

dicted from the stage curves of the original version of the compressor.

The results of this performance-map prediction by the stage-stacking

method are illustrated in figure 5. Calculated and measured values

agreed particularly well at the higher compressor speeds.

This method is also useful for determining the effects of interstage

bleed and variable geometry on compressor performance. In the interstage

bleed calculation 3 the flow coefficient _ can be adjusted for the amount

of air bled from the compressor. The effect of variable geometry can be

accounted for in the calculation procedure if the variation of the stage

curves is known as the compressor geometry is varied.

(D
C_

Simplified Method

A drawback common to the blade-element and stage-stacking methods of

estimating over-all compressor performance is the length of time required

for the calculations. A simplified method requiring much less calculating

time is discussed herein. This method provides a means of obtaining the

performance map of a new compressor from the results of previously de-

signed compressors. Correlation curves are provided to facilitate the

calculation.

Background information. - In reference 8 a method for predicting

multistage-compressor performance is outlined. It was used to estimate

the performance map of a newly designe d compressor having blading similar

to an existing compressor but slightly different design values of weight

flow, pressure ratio, wheel speed, and number of stages. The applica-

tion of this method to new compressor designs is, of course, restricted

to cases where a compressor map of a similar existing compressor is
available.

In this report, an attempt is made to extend the method presented in

reference 8 to a more general case. Therefore, experimental data on

eight multistage compressors were collected_ correlated, and plotted in

curve form, so that multistage-compressor performance maps of new com-

pressors could be obtained easily from a knowledge of the design condi-

tions alone. The method presented herein is similar to that used in ref-

erence 9 to obtain multistage performance maps. There are three phases

of the calculation procedure. First, points of maximum efficiency at

each speed are calculated. The line of maximum efficiency is called the

backbone of the compressor map, and values along this line are termed

backbone values. Second, the stall-limit line is determined_ and values

along the stall-limit line are referred to as stall-limit values or
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o_

O

O

stall-limit points. Finally, points along lines of constant speed are

calculated from the stall limit to maximum flow. The integration of

these phases results in a complete compressor performance map.

Calculation of compressor backbone. - Experimental over-all perform-

ance maps (similar to fig. l) of eight compressors (listed in table I)

were obtained. For the condition of maximum adiabatic efficiency at each

speed, values of pressure ratio, weight flow, and efficiency were tabu-

lated. From these backbone values, the reference-point values of speed,

pressure ratio, weight flow, and adiabatic efficiency were found. The

reference point of a compressor map, which is not necessarily the design

point, is defined as the point of maximum polytropic efficiency of the
compressor backbone.

The effect of reference-point pressure ratio on backbone character-

istics is shown in figure 6, where each backbone value is plotted as a

percentage of its reference-polnt value. In figure 6(a), values of back-

bone pressure ratio are plotted against reference pressure ratio with

equivalent rotor speed as a parameter. Similar plots of backbone weight

flow and adiabatic efficiency are shown in figures 6(b) and (c),
respectively.

The backbone of a new compressor may be calculated from figure 6 and

known reference-point values of pressure ratio, weight flow, adiabatic

efficiency, and rotor speed. For the reference pressure ratio, the back-

bone values of pressure ratio, weight flow, and efficiency at various

speeds are read from figure 6. Absolute backbone values are obtained by

multiplying the values read from figure 6 by appropriate reference-point
values.

Calculation of stall-limit line. - The effect of reference pressure

ratio on stall-limit or surge-line characteristics is shown in figure 73

in which stall-limit pressure ratio is plotted against reference pressure

ratio with stall-limit weight flow as a parameter. The values of stall-

limit weight flow and pressure ratio are plotted as percent of the ref-

erence values. The stall-limit line of a new compressor may be calcu-

lated by multiplying the stall-limit values of pressure ratio and weight

flow read from figure 7 for the known reference pressure ratio by their

respective reference values. Stall-limit lines estimated in this manner

are slngle-valued; whereas, the stall-limit lines of some actual com-

pressors are multivalued (ch. XIII (ref. 7)).

Constant-speed characteristics. - The constant-speed characteristics

of an existing compressor may be obtained from its performance map. For

several points along each speed line, values of temperature rise

(Tou t - Tin)/el, adiabatic efficiency _ad, and flow parameter

(Wine4%_±nlSin) (4ToutlTinla/PoutlPin)are calculated and divided by

their respective backbone values to yield relative values of temperature

rise, efficiency, and flow parameter. Values from the entire compressor
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map tend to give a single curve of relative temperature rise against

relative flow parameter and a single curve of relative efficiency against

relative flow parameter. These two curves define the constant-speed

characteristics of a compressor. Plots of this type are illustrated in

figure 8. The data points represent seven different compressor speeds,

and in general the correlation of data at all speeds is relatively good.

In figure 9 faired curves are plotted representing the constant-

speed characteristics of four compressors designed according to the basic

principles outlined in chapter VIII. When specific data are lacking on

the constant-speed characteristics of a newly designed compressor, an

average of the curves of figure 9 could propably be used successfully

for the compressor constant-speed characteristics_ if the design system

is similar to that presented in chapter VIII.

The lines of constant speed for a desired compressor performance map

may be calculated from a given set of constant-speed characteristic

curves and the calculated backbone values. For each speed_ relative

values of flow parameter are assigned and relative values of temperature

rise and efficiency are read from the constant-speed curves. Absolute

values are calculated from these relative values and the appropriate

backbone values. In the use of these curves_ one end is limited by the

stall-limit line and the other end by the maximum-weight-flow value.

Compressor pressure ratio is calculated from the values of temperature

rise and efficiency, and compressor weight flow is calculated from values

of temperature ratio, pressure ratio, and flow parameter.

Comments on reference point. - As stated previously, the reference

point is defined as the point of maximum polytropic efficiency of the

compressor map. Experimental data indicate that the reference point is

usually found at values of compressor speed somewhat below the actual

design speed. Unfortunately, attempts to obtain an exact relation be-

tween the actual compressor design point and the reference point were

unsuccessful. In the case of the four NACA compressors that utilized

the design principles of chapter VIII, the reference speed varied from

90 to i00 percent of the actual design speed. This fact may be helpful

in establishing the relation of these two points.

The following procedure may be used to compute reference conditions

from design conditions for a particular ratio of design speed to refer-

ence speed (N/_/_)d/(N/_7)ref:

(i) A trial value of reference pressure ratio is selected

(Pout/Pin)ref •
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(Pout/Pin)b

(2) A value of backbone total-pressure ratio (Pout/Pin)re f 100

is read from figure 6(a) for the values of (Pout/Pin)ref and

(NI4_)d
i00.

(N/@/_)re f

(S) A value of (Pout/Pin)ref is calculated from

--
\ Pi_/b

( out, 
Pin /ref

If this calculated value does not equal the trial value from step (i)_

steps (i) to (5) are repeated until the two values do agree.

(16)

(A) A value of

values of (Pout_
\Pin /ref

(w4_/_,)b
i00 is read from figure 6(b) for the

(W _/_/5) re f

(N/J_)d
_d (N/4_)refi00.

(S) The value of (w_/8/5)re f is calculated from

5 /ref - <_)b

5 /ref

(17)

(6) A value of

of (Pout_ and
\Pin /ref

_ad;b I00 is read from figure 6(c) for the values

_ad_ref

(N/4-6)d
(N/d/_) ref i00.
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(7) The value of _ad,ref is calculated from

_ad,d
qad,ref - (18)

_adlb

_ad,ref

Remarks on simplified method. - How closely the performance map

calculated by the simplified method will conform with the actual per-

formance map depends on each phase of the calculation. The agreement

depends on (i) how well the available compressor performance maps gen-

eralize to backbone, stall-limit, and constant-speed curves, (2) how

closely design conditions are realized in the new compressor, and (3)

how accurately reference-point conditions are calculated from design

conditions. The performance maps of the limited number of compressors

designed along the lines suggested in this volume have had some affin-

ity in shape. As previously noted, however, double-valued stall lines

cannot be anticipated by this method.

co
o_

CONCLUDING REMARKS

Three techniques have been presented for estimating compressor off-

design performance. The first method, which is based on blade-element

theory, is useful for obtaining only a small part of the compressor map

over which all blade elements in the compressor remain unstalled. This

technique is restricted at present because of the limited amount of

available information concerning off-design blade-element data, boundary-

layer growth, blade-row interaction effects, and radial mixing of blade

wakes. This method has the greatest potential for providing a complete

picture of the internal-flow mechanism through a compressor.

The second method, which involves individual stage performance

curves and a stage-by-stage calculation, is useful for estimating the

performance of a compressor for which reliable stage performance curves

are available. In addition, this method has been used effectively as a

research tool to determine the effects of interstage bleed and variable

geometry on compressor performance.

The third method, which is based on over-all performance data of

existing compressors, may be used to estimate the complete performance

map of a new compressor if the compressor design conditions are speci-

fied. At present, it is as effective as the other methods and has the

advantages of simplicity and short calculating time.



NACA _4 ES6B03a 263

[.o
_0

REFERENCES

i. Hagen, H.: Compressor Characteristics and Starting Powers of Jet

Propulsion Power Plants. BuShips 338, vol. 8, pt. A, May 1946,

pp. 1-20.

2. Bogdonoff, Seymour M.: The Performance of Axial-Flow Compressors As

Affected by Single-Stage Characteristics. ,our. Aero. Sci._ vol.

18_ no. 5, May 1951, pp. 519-528.

3. Finger, Harold B.j and Dugan, James F., Jr.: Aua!ysis of Stage

Matching and Off-Design Performance of Multistage Axial-Flow Com-

pressors. NACARMES2D07, 1952.

4. Medeiros; Arthur A., Benser, William A., and Hatch; James E.: Analy-

sis of 0ff-Design Performance of a 16-Stage Axial-Flow Compressor

with Various Blade Modifications. NACA RM E52L03, 1953.

5. Geye, Richard P., and Voit, Charles H.: Investigation of a High-

Pressure-Ratio Eight-Stage Axial-Flow Research Compressor with Two

Transonic Inlet Stages. IV - Modification of Aerodynamic Design

and Prediction of Performance. NACA RM ES5B28, 1955.

6. Standahar; Raymond M., and Geye, Richard P.: Investigation of a High-

Pressure-Ratio Eight-Stage Axial-Flow Research Compressor with Two

Transonic Inlet Stages. V - Preliminary Analysis of 0ver-All Per-

formance of Modified Compressor. NACA RM E55A03, 1955.

7. Compressor and Turbine Research Division: Aerodynamic Design of

Axial-Flow Compressors. Vol. III. NACA RM ES6BOSb, 1956.

8. Howell, A. R. 3 and Bonham; R. P.: Over-All and Stage Characteristics

of Axial-Flow Compressors. Proc. Inst. Mech. Eng., vol. 163j 1950,
pp. 235-248.

9. Dugan, James F.; Jr.: Effect of Design Over-All Compressor Pressure

Ratio Division on Two-Spool Turbojet-Engine Performance and Geome-

try. NACARME54F24a, 1954.

i0. Dunavant, James C.: Cascade Investigation of a Related Series of

6-Percent-Thick Guide-Vane Profiles and Design Charts. NACA RM

L54102, 1954.

ii. Budinger; Ray E. 3 and Serovy, George K.: Investigation of a lO-

Stage Subsonic Axial-Flow Research Compressor. IV - Individual

Stage Performance Characteristics. NACARM E53CII, 1953.



264 NACARME56BO3a

12. Voit, Charles H._ and Geye_Richard P.: Investigation of a High-
Pressure-Ratio Eight-Stage Axial-Flow Research Compressorwith Two
Transonic Inlet Stages. III - Individual Stage Performance Char-
acteristics. NACARMESAHI7_1954.

13. Kovach, Karl, and Sandercock_ Donald M.: Experimental Investigation
of a Five-Stage Axial-Flow Research Compressorwith Transonic
Rotors in All Stages. II - Compressor0ver-All Performance. NACA
RMESAG01_1954.

14. Budinger, Ray E.; and Thomson,Arthur R.: Investigation of a lO-
Stage Subsonic Axial-Flow Research Compressor. II - Preliminary
Analysis of 0ver-All Performance. NACARME52C0431952.

15. Geye, Richard P._ Budinger_ Ray E., and Voit_ Charles H.: Investi-
gation of a High-Pressure-Ratio Eight-Stage Axial-Flow Research
Compressorwith Two Transonic Inlet Stages. II - Preliminary
Analysis of Over-All Performance. NACARME5_06_ 1955.



NACARMES6BO3a 265

TABLE I. - EXPERIMENTAL COMPRESSOR DATA

LO
00

t_

Compressor Inlet

guide

vanes

I. Subsonic Yes

2. Subsonic Yes

3. Subsonic Yes

Reference

pressure

ratio

2.08

Stages Outer

diam-

eter_
in.

Inlet

hub-

tip

ratio

6 15.75 0.575 --

3. O0 I0 19 0.5 --

3.%8 12 0.6 --Vari-

able

4. Transonic No 4.02 5 20 0.50 15

5. Subsonic Yes 5.53 10 20 0.55 14

6. Transonic No 7.35 8 20 0.48 15

7. Subsonic Yes 9.20 16 33.5 0.55 6

8. Transonic No i0.26 8 Var i- 0.46 6

able

Refer

ence



(n
O)

!

i

o

o
o

m
m
0

0

[D

!

0

_ L

_-tl i...J

i

Over-all total-pressure ratio, Pout/Pin

o_

I l ! i

I

\

\
J

Co_
0

m

0
O"

!
r./l

0

i

i

, _Oo ",,,,
\

0 0

I

i ,

Adiabatic efflciencM,_d

1

)
i

P.

O7

0
O4

9 91,<2



NACA RM E56B03a 267

JD

Axial station

VO

0 ! 2

i I I
/ / /

(-_

q_

r h

_ _CCompressor axis

Figure 2. - Schematic diagram of compressor stage.

\

et2 h

ve,

-I

Figure 3. - Typical velocity diagram.



O
.r4

¢1
0
C.i

r_
0

.5

°g

.1

J

J

CD

"d
I:I:1

>:
0

0
.,-I
o

.-H
r.t-i

0

£;i
.H
M

.rt
"d

1.00

.8O

.60

•_C
.5

J
,/

/

I

0

f
r v

n

A
v

Inlet relative

Mach number,
M'
in

o O.SO

[] ._5
0 .60

.80

I [ I
.4 .5 .6 .7

Flow coefficient,

.8

Figure 4. - Typical stage characteristic curves.

ii

g]

O1
O_
bJ
O
O,1
P

9_



NACA RM E56B05a 269

_o
co

1.00

.80

.60
.r_

.40
4_

"_ .2(1

O"

rl

3o
[]

/

_o

A

V

8O

C_ 10

1 h

,,r,t

%
g

4_

g

!

11 I
t

I
IO I '

I
I

Symbols denote ex
9 .........

I
I

8 I .......

.....

I ..................

6 1
I
I --

5 ] ...........

4

3

rV'SO

50
A

Predicted
)erimental d_ ;a-

x¢

c_

f_

(',

1D3 m

Equivalent

speed, N/v_g,
percent
des ign

--4 ....

--4 --

I

i0 I0 20 30 40 50 60 70

Equivalent weight flow, w_/_/5, ib/sec

Figure 5. - Comparison of predicted and experimental over-all
performance for modified eIF_ht-stage compressor.

8O



i¢0

0

+_

0

v

0

i

0

120

i00

8O

40

_.0

0
2

_70_

5 6 7 8 9 i0

Reference pressure ratlo_ (Pout/Pin)ref

(a) Pressure ratio.

Figure 6. - Effect of reference pressure ratio on backbone characteristics.

ll

01
o_

0

9_



;5486

o_ 120 .:-_:_--:I i_i_-l_:.:l:;_:r: '.'!Lrl:i_:':J_:_ : h_ '_±_k_ ___,_t_:+'÷_-_:_-i+4--i-_,_l-_.+-_t-_---_ _,._÷

_:L_ _-_k_ percent reference L

o _-:::,__:x L: :: L_--::-_:V-::_: __'..._,'_--_-:-

............................. _.... _._ ................. _ ........ .__ _--_ _--,----

,-I

42,

i_ '_;LLL: :: 72:::, ::: :. _-_ ..... --..... :- --_'7 F_ L_':: .,'_-._-..._: ___ - _Pl_ _ .....10

¢,1

:::::::.'.L::I_._:__._:-L __ ..... 1["-L2_12 ' i _'" . :_--_Z

m 20 i:::q:-G:_iTF_::l,:::i:--:Y:F_V :i:::7 _f:__G-,gT-<t::--:F.-..-__-=_
2 5 4 5 6 7 8 9 i0 ii

Reference pressure ratio, (Pout/Pin)ref

(b) Weight flow.

Figure 6. - Continued. Effect of reference pressure ratio on backbone characteristics.

_J



-q

J
al

>1
o

o

+_ +_

o

o

rq

L].O

lO0

90

2_: I" .... -2 E-,-I:--'LC-_ .... E_-EL::-_- ....... _............. _...... : ....... !........................._...... _-_-_--- _ -/-,--_F:--i- ...... _.... i-_ L....... _--:_-:-- ........... : :-,-, _

........,...... _--F---_-----P---_-- ...... t- _"t, .', .... _'! :";"" ; ......... t' ' I": ;_ ::--- ..... I-:-t__-T_,_Equiva_ent speed, NI4 ,J
=:q_ ::2T::::{Em-uL__-_- _ £2--:_Fz£_-=F:g: ::=:,_::: ._.T{ ::::::::::::::::::::::::::::::: :,_::-_::L-__:r- _" E_:= percent, reference ,

T'-TY---I - -_-_'--7}77- 7-7 F- ['-1-1"1 ....... ;.... [; ; 1: 'i 1; ":1 .... ;''" '1 " i [ " ' , ;- i : F- I" ; ...... [ ; I'" :T: F" i" ] :_-- [---_1 i l I r

_,4 ..... . _ i ............ k .... [ .......... ' --- _ ..... p ----F ....... ,.----_, :L.LL

If! L_! i

; Y'P _fl_----P-_-r .... b-- -ff H_-_-P ............. r, " ..... :::! ..... t:'-'P'::

5 6 7 8 9 lO

Reference pressure rati% (Pout/Pin)ref

ll

(c) Efficiency.

Figure 6. - Concluded. Effect of reference pressure ratio on backbone characteristics.

g_

0
0,I
m



NACA RME56B03a 273

C_

I

O7

160

14o

ID

0

Ill

-r4

ioo

0

80

,-t

4J
ill 6O
4_

0
-r4

%

_ 2o
4_
0
E-_

0

2

ii,

_ _lil]]

_i_ _ J" _:, liiI!_

_'_11_!_
_i_i _ !i_

i

i_Js:J'L: ':!!

iii h

iii
m2
_.!zI

it

,, t:t

!i iii
i] ili

III

iiiii

_*i!i

11!ii

2 if!

JiN

.... fl

21 . ;;.

i ff'_fi

_j U Ii:

ill !!_ i

7

i:J :_

i:: ii!

_ ;2t

:!i _t

;!! @

11 l."z

]] Ill
:tl

iit

i!! _!
II;

:!i i!

Reference pressure ratio_ (Pout/Pin)ref

Figure 7. - Effect of reference pressure ratio on stall-limlt line.



_-J_

0

_-_
_-_
0

0 _°

I_ ('D
0 "t

• 0

¢-t-

t/l

I'D

C0

0

!

t_

0

f_
r+

b

&

Relative temperature rise

I
0

°/
<

0

D

_-J

Relative adiabatic efficiency

b

Do-OD_

o_0

cn
c_
t_
0



>
i

p_

QO

I

Q

m

p_

OJ

_O

0

I'll

<I

0

0

c:

ol
c_

Otl
fD

u

c_
t/l
ol
0
e,I

p-,
m
r-t.

<_
('D

i-,i
0

m

¢--I-
f_

Relative temperature rise

i,,,

p_

b

p_

/
/

p_

b

/

'/

Relative adiabatic efficiency

I
I
I
i

/I

I
, I

I

,i

/
/

I

i

!,I
I

_+ 0

Hm
•,--." 0

I I

P.

0"1
0"_

0
O,l
m

0-1





NACA RM E56BO3a

National Advisory Committee for Aeronautics.
AERODYNAMIC DESIGN OF AXIAL-FLOW COM-

PRESSORS. VOLUME If. Compressor and Turbine

Research Division. Edited by Irving A. Johnsen and
Robert O. Bullock. Chapter VI: EXPERIMENTAL
FLOW IN TWO-DIMENSIONAL CASCADES.

Seymour Lieblein. Chapter VII: BLADE-ELEMENT
FLOW IN ANNULAR CASCADES. William H.

Robbins, Robert J. Jackson, and Seymour Lieblein.
Chapter VIII: DESIGN VELOCITY DISTRIBUTION IN

. MERIDIONAL PLANE. Charles C. Giamati, Jr.,
and Harold B. Finger. Chapter IX: CHART PRO-
CEDURES FOR DESIGN VELOCITY DISTRIBUTION.

Arthur A. Medeiros and Betty Jane Hood.
Chapter X: PREDICTION OF OFF-DESIGN PER-

FOHMANCE OF MULTISTAGE COMPRESSORS.

William H. Robbins and James F. Dugan, Jr.
August 1956. x, 275p. diagrs., tabs.
(NACA RM E56B03a)

i. Cascades, Theory

(1.4.5.1)

2. Cascades, Experiment

(1.4.5.2)

3. Compressor Flow

Theory and Experiment

(3.6.1)
4. Compressors - Axial-

Flow (3.6.1.1)

5. Compressors -

Matching (3.6.3)

I. Johnsen, Irving A.
II. Bullock, Robert O.

HI. Lieblein, Seymour

IV. Robbins, William H.

V. Jackson, Robert J.

VI. Giamati, Charles C.,

Jr.

(overl

NACA RM E56BO3a

National Advisory Committee for Aeronautics.

AERODYNAMIC DESIGN OF AXIAL-FLOW COM-

PRESSORS. VOLUME II. Compressor and Turbine

Research Division. Edited by Irving A. Johnsen and
Robert O. Bullock. Chapter VI: EXPERIMENTAL

FLOW IN TWO-DIMENSIONAL CASCADES.

Seymour Lieblein. Chapter VII: BLADE-ELEMENT
FLOW IN ANNULAR CASCADES. William H.

Robbins, Robert J. Jackson, and Seymour Lieblein.
Chapter VIII: DESIGN VELOCITY DISTRIBUTION IN

• MERIDIONAL PLANE. Charles C. Giamati, Jr.,
and Harold B. Finger. Chapter IX: CHART PRO-

CEDURES FOR DESIGN VELOCITY DISTRIBUTION.

Arthur A. Medeiros and Betty Jane Hood.
Chapter X: PREDICTION OF OFF-DESIGN PER-
FORMANCE OF MULTISTAGE COMPRESSORS.

William H. Robbins and James F. Dugan, Jr.
August 1956. x, 275p. diagrs., tabs.

(NACA RM E56BO3a)

1. Cascades, Theory

(1.4.5.1)
2. Cascades, Experiment

(1.4.5.2)

3. Compressor Flow

Theory and Experiment
(3.6.1)

4. Compressors - Axial-

Flow (3.6. I. I)

5. Compressors -

Matching (3.6.3)

I. Johnsen, Irving A.

H. Bullock, Robert O.

HI. Lieblein, Seymour

IV. Robbins, William H.

V. Jackson, Robert J.

VI. Giamati, Charles C.,
Jr.

Cover)

NACA RM E56B03a

National Advisory Committee for Aeronautics.

AERODYNAMIC DESIGN OF AXIAL-FLOW COM-

PRESSORS. VOLUME II. Compressor and Turbine

Research Division. Edited by Irving A. Johnsen and

Robert O. Bullock. Chapter VI: EXPERIMENTAL

FLOW IN TWO-DIMENSIONAL CASCADES.

Seymour Lieblein. Chapter VII: BLADE-ELEMENT

FLOW IN ANNULAR CASCADES. William H.

Robbins, Robert J. Jackson, and Seymour Lieblein.

Chapter VIII: DESIGN VELOCITY DISTRIBUTION IN

• MERIDIONAL PLANE. Charles C. Giamati, Jr.,

and Harold B. Finger. Chapter IX: CHART PRO-

CEDURES FOR DESIGN VELOCITY DISTRIBUTION.

Arthur A. Medeiros and Betty Jane Hood.

Chapter X: PREDICTION OF OFF-DESIGN PER-

FORMANCE OF MULTISTAGE COMPRESSORS.

William H. Robbins and James F. Dugan, Jr.

August 1956. x, 275p. diagrs., tabs.

(NACA RM E56B03a)

1. Cascades, Theory
(i.4.5.1)

2. Cascades, Experiment

(1.4.5. _.)

3. Compressor Flow

Theory and Experiment

(3.6. I)

4. Compressors - Axial-

Flow (3.6.1. i)
5. Compressors -

Matching {3.6.3)

I. Johnsen, Irving A.

If. Bullock, Robert O.

HI. Lieblein, Seymour

IV. Robbins, William H.

V. Jackson, Robert J.

VI. Giamati, Charles C.,
Jr.

,overl

NACA RM E56B03a

National Advisory Committee for Aeronautics.

AERODYNAMIC DESIGN OF AXIAL-FLOW COM-

PRESSORS. VOLUME II. Compressor and Turbine

Research Division. Edited by Irving A. Johnsen and
Robert O. Bullock. Chapter VI: EXPERIMENTAL

FLOW IN TWO-DIMENSIONAL CASCADES.

Seymour Lieblein. Chapter VII: BLADE-ELEMENT
FLOW IN ANNULAR CASCADES. William H.

Robbins, Robert J. Jackson, and Seymour Lieblein.
Chapter VIII: DESIGN VELOCITY DISTRIBUTION IN

. MEHIDIONAL PLANE. Charles C. Giamati, Jr.,
and Harold B. Finger. Chapter IX: CHART PRO-

CEDURES FOR DESIGN VELOCITY DISTRIBUTION.

Arthur A. Medeiros and Betty Jane Hood.
Chapter X: PREDICTION OF OFF-DESIGN PER-

FORMANCE OF MULTISTAGE COMPRESSORS.

William H. Robbins and James F. Dugan, Jr.
August 1956. x, 275p. diagrs., tabs.
(NACA RM E56B03a)

i. Cascades, Theory

(1.4.5.1)

2. Cascades, Experiment

(1.4.5.2)

3. Compressor Flow

Theory and Experiment •
(3.6. I)

4. Compressors - Axial-

Flow (3.6.1.1)

5. Compressors -
Matching (3. 6.3)

I. Johnsen, Irving A.

II. Bullock, Robert O.

HI. Lieblein, Seymour
IV. Robbins, William H.

V. Jackson, Robert J.

VI. Giamati, Charles C.,
Jr.

Cover)



NACARME56B03a

The first two chapters of vol. H survey and correlate

experimentally obtained blade-element data. Ch. VI
summarizes the data obtained in two-dimensional

cascades, while ch. VII summarizes blade-element

data obtained in annular cascades (compressor rotors

and stators). Ch. VIII summarizes the design
problem and design techniques in the meridionai or

hub-to-tip plane, and ch. IX provides simple chart

procedures for the solution of this meridional-plane

• design problem. Methods for the prediction of com-

pressor performance over a range of flow conditions
and speeds (off-design operation) are presented in
ch. X.

VII. Finger, Harold B.

VIII. Medeiros, Arthur A.
IX. Hood, Betty Jane

X. Dugan, James F., Jr.
XI. NACA RM E56B03a

NACA RM E56B03a

The first two chapters of vol. 1I survey and correlate

experimentally obtained blade-element data. Ch. VI
summarizes the data obtained in two-dimensional

cascades, while ch. VII summarizes blade-element

data obtained in annular cascades (compressor rotors

and stators). Ch. VIH summarizes the design

problem and design techniques in the meridionai or

hub-to-tip plane, and ch. IX provides simple chart
procedures for the solution of this meridional-plane

• design problem. Methods for the prediction of com-

pressor performance over a range of flow conditions
and speeds (off-design operation) are presented in
ch. X.

VII. Finger, Harold B.

VII[. MedeLros, Arthur A.
IX. Hood, Betty Jane

X. Dugan, James F., Jr.
XI. NACA RM E56B03a

NACA RM E56B03a

The first two chapters of vol. II survey and correlate

experimentally obtained blade-element data. Ch. VI
summarizes the data obtained in two-dimensional

cascades, while ch. VII summarizes blade-element
data obtained in annular cascades (compressor rotors

and stators). Ch. VIH summarizes the design

problem and design techniques in the meridional or

hub-to-tip plane, and ch. IX provides simple chart
procedures for the solution of this meridional-plane

• design problem. Methods for the prediction of com-

pressor performance over a range of flow conditions
and speeds (off-design operation) are presented in
ch. X.

VII. Finger, Harold B.
VIH. Medeiros, Arthur A.

IX. Hood, Betty Jane

X. Dugan, James F., Jr.
XI. NACA IRM E56B03a

NACA RM E56B03a

T.he first two chapters of voi. II survey and correlate

experimentally obtained blade-element data. Ch. VI
summarizes the data obtained in two-dimensional

cascades, while ch. VII summarizes blade-element

data obtained in annular cascades (compressor rotors
and stators). Ch. VIII summarizes the design

problem and design techniques in the meridional or

hub-to-tip plane, and ch. IX provides simple chart

procedures for the solution of this meridional-plane
design problem. Methods for the prediction of com-

pressor performance over a range of flow conditions
and speeds (off-design operation) are presented in
ch. X.

VII. Finger, Harold B.

VI_. Medeiros, Arthur A.

IX. Hood, Betty Jane

X. Dugan, James F., Jr.
XI. NACA RM E56B03a


